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ABSTRACT 
Neutron Flux and Energy Characterization of a Plutonium-Beryllium Isotopic 
Neutron Source by Monte Carlo Simulation with Verification by  
Neutron Activation Analysis 
 
by 
 
Zachary Russel Harvey 
 
Dr. Ralf Sudowe, Committee Chair  
Assistant Professor of Health Physics 
University of Nevada, Las Vegas  
 
The purpose of this research was to characterize the neutron energy distribution 
and flux emitted from the UNLV plutonium-beryllium source, serial number MRC-N-W 
PuBe 453.  This was accomplished through the use of the MCNPX/5 Monte-Carlo 
particle transport code to simulate radiation interactions within the physical environment 
of the source and its surroundings.  The moderating drum currently containing the source 
as well as all of the sampling ports were accurately modeled in MCNPX/5.  This 
geometry was then used to simulate the neutron interactions taking place in these 
geometries.  The results of the simulations were then verified by the use of specifically 
chosen activation detectors and threshold foils designed to accurately convey information 
on the energy distribution and flux of the neutrons present at multiple sampling locations. 
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CHAPTER 1 
INTRODUCTION 
Neutron Interactions 
 The discovery of neutrons dates back to 1931, when German scientists Walther Bothe 
and Herbert Becker found that if energetic alpha particles emitted from polonium collided 
with certain light elements, specifically beryllium, boron, or lithium, an unusually 
penetrating radiation was produced.  Although it was mistaken for gamma radiation at the 
time, the two scientists had created the first man-made isotopic neutron source.  In 1932, 
James Chadwick performed a series of experiments showing that the gamma ray 
hypothesis of Bothe and Becker was not possible.  He suggested that the radiation 
consisted of an uncharged particle with approximately the same mass as a proton. 
Neutrons may be produced in several ways, such as: nuclear fission, nuclear fusion, 
accelerating devices that induce nuclear reactions involving charged particles and 
gamma-rays, and the interaction of alpha and gamma radiation with nuclei that results in 
neutron emission.  Depending on how the neutrons are produced, their potential energy 
distribution ranges from a few tenths of eV to several GeV.  However, due to the nature 
of this type of radiation the energy of the neutron produced at the source will most likely 
not be the energy of the particle that actually reaches the intended target.  The knowledge 
of the neutron energy present at the point of interest is vital for nearly all neutron uses as 
the relative probabilities for the various types of neutron interaction change drastically 
with neutron energy.  
Like gamma rays, neutrons carry no charge and therefore cannot interact with matter 
by means of the Coulomb force, which is the dominant energy loss mechanism for 
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charged particles and electrons.  Consequently, neutrons are capable of traveling through 
many centimeters of matter without experiencing any type of interaction.  When a 
neutron does undergo interaction, it is with a nucleus of the absorbing target material.  As 
a result of the interaction, the neutron may change its energy or direction significantly, or 
totally disappear and be replaced by one or more secondary radiations.  In contrast to 
gamma rays, the secondary radiation resulting from neutron interactions are most often 
heavy charged particles.  These particles may be produced either as a result of neutron 
induced nuclear reactions, or they may be the nuclei of the absorbing material itself, 
which has gained energy as a result of neutron collisions. (Shultis 2002) 
The energy spectrum of a neutron can be broken down into four main regions: 
thermal, intermediate, fast, and relativistic.  Thermal neutrons have an energy of less than 
0.5 eV, with the most probable energy being 0.025 eV.  Intermediate neutrons have 
energies between 0.5 eV and 10.0 keV.  The energy of a fast neutrons lies between 10.0 
keV and 10.0 MeV.  Finally, relativistic neutrons have energies above 10.0 MeV.  In 
general, the dividing line between “fast” and “slow neutrons is approximately 0.5 eV, or 
about the energy of the abrupt drop in absorption cross section in cadmium, also known 
as the cadmium cutoff.  
If the energy of a neutron is sufficiently high or “fast”, inelastic scattering with nuclei 
may take place in which the recoil nucleus is elevated to one of its excited states during 
the collision.  The nucleus quickly de-excites by emitting a gamma ray.  The remaining 
neutron loses a greater fraction of its energy than it would in an equivalent elastic 
collision.  Inelastic scattering and the subsequent secondary gamma radiation play an 
important role in the shielding of high-energy neutrons. (Knoll1 2000) 
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For slow neutrons the primary interactions include: neutron-induced nuclear reactions 
and elastic scattering with absorber nuclei.  Due to the small amount of kinetic energy 
available to be transferred, very little energy is shifted to the nucleus in elastic scattering.  
Elastic collisions are highly probable and often serve to bring slow neutrons into thermal 
equilibrium with the absorbing medium before different types of interactions may takes 
place.  These interactions include (n,α), (n,p), and (n,fission) reactions, all of which 
produce secondary charged particles, and radiative capture reactions (n, γ), which are 
useful in the indirect detection of neutrons using activation foils, which will be discussed 
later.   
The probability per unit path length for any one type of interaction mechanism 
remains constant as long as the neutron energy remains fixed.  This probability is 
typically expressed in terms of the microscopic cross section, σ, per nucleus for each type 
of interaction.  The cross section is measured in the unit barn (10-24 cm2).  When this 
quantity is multiplied by the number of nuclei N per unit volume, the microscopic cross 
section, σ, is converted into the macroscopic cross section, Σ.  This quantity has units of 
inverse length.  Σ represents the physical interpretation of the probability per unit path 
length for the interaction described by the microscopic cross section.  These combined 
processes are additive and form the total macroscopic cross section for a neutron of 
specific energy in a medium.   
 
Σtotal = Σscatter + Σrad. capture + … 
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The quantity Σtotal is best compared to the linear absorption coefficient for gamma rays.  It 
is also comparable in that the number of uncollided neutrons will fall off exponentially 
with absorber thickness.  As with gamma rays, the mean free path, λ, is given by the 
expression 1 / Σtotal.   
If the neutrons are of a single energy or fixed velocity (v), the product v·Σtotal gives 
the interaction frequency for the combined interaction processes that the macroscopic 
cross section represents.  The reaction rate density, reactions per unit time and volume, is 
then given by n(r)·v·Σtotal.  Where n(r) is defined as the neutron number density at the 
vector position r, and n(r)·v is defined as the neutron flux ϕ(r) with units of length-2 time-
1.  Thus, the reaction rate density is given by the product of the neutron flux and the 
macroscopic cross section for the reaction of interest.  This relation may also be 
generalized to include an energy-dependant neutron flux ϕ(r, E) and cross section Σ(E).  
(Knoll1 2000) 
 
Neutron Sources 
Isotopic neutron sources are highly practical due to their small size, portability, ease 
in handling, and that they do not require a high voltage source.  These sources are widely 
utilized in activities such as: neutron activation, monitor calibration, and teaching.  They 
utilize (γ,n) or (α,n) reactions to produce neutrons.  The most commonly used sources 
utilize alpha emitters such as: Radium, Polonium, Plutonium, or Americium and a light 
elements such as Beryllium or Boron mixed together as powders, and encapsulated to 
make a “neutron source”.  (Shultis1 2002)  The combination of plutonium and beryllium 
in an isotopic neutron source results in the reaction: 
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4
2He + 94Be ? 126C + 10n 
 
Light elements are used in these sources in order to minimize Coulombic repulsion 
between the alpha particle and the nucleus.  The emitted neutrons leave the source with a 
continuous energy spectrum that is dependant upon the energy of the alpha particle.  A 
list of the average neutron energies produced can be seen in Table 1. 
 
Source Avg. n Energy (MeV) T1/2
210PoBe 4.2 138 d
210PoB 2.5 138 d
226RaBe 3.9 1600 y
226RaB 3 1600 y
239PuBe 4.5 24100 y 
(α,n) Neutron Sources
 
 
Table 1 Average neutron energy originating from source term of multiple isotopic 
neutron sources (Shani 1990) 
 
Photoneutron Sources, making use of the (γ,n) reaction are also available.  In contrast to 
(α,n) sources, which emit a continuous energy spectrum, monoenergetic neutrons can be 
obtained by selecting a nuclide which emits a gamma-ray of a single energy.  However, 
the major pitfall of all photoneutron sources is the presence of gamma-ray backgrounds 
of >1000 photons per neutron emitted. 
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The neutron intensity and activity of the “neutron source” are dependant upon the half 
life of the alpha or gamma emitter that is causing the neutron emission reaction. 
 
The neutron and recoil nucleus share a total energy equal to: 
En,x-1 = ∑ Q+KEγ,α 
 
Spontaneous Fission sources may also be used as neutron generators.  Certain heavy 
nuclei, such as: 254Cf, 252Cf, 244Cm, 242Cm, 238Pu, and 232U, fission spontaneously.  
Several fast neutrons are promptly emitted in each fission event.  However, in most cases 
the half-life for spontaneous fission is much greater than that of alpha decay resulting in a 
lower practical neutron flux than (α,n) sources.  (Shultis2 2002) 
 
Monte Carlo Simulations 
Monte Carlo methods are a class of computational algorithms that rely on repeated 
random sampling in order to compute their results.  These algorithms are often used when 
simulating physical and mathematical systems.  Due to their reliance on repeated 
computation of random or pseudo-random numbers, Monte Carlo methods are well suited 
to calculation by a computer.  They are most often employed when it is unfeasible or 
impossible to compute an exact result with a deterministic algorithm.  Monte Carlo 
simulation methods are especially useful in studying systems with a large number of 
coupled degrees of freedom, such as: fluids, disordered materials, strongly coupled 
solids, and cellular structures or, in our case, radiation interactions.   
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These algorithms were developed in the 1940’s by physicists working on the 
Manhattan Project at Los Alamos Scientific Laboratory.  The physicists were 
investigating radiation shielding and the distance that neutrons would likely travel 
through various materials.  These types of problems are probabilistic in nature and hence 
could not be solved with theoretical deterministic calculations.  John von Neumann and 
Stanislaw Ulam suggested that the problem may be solved by modeling the experiment 
on a “computer” using chance.  Being secret, their work required a code name.  Von 
Neuman chose the name "Monte Carlo" in reference to the Monte Carlo Casino in 
Monaco where Ulam's uncle would borrow money to gamble. 
Modern Monte Carlo algorithms are all run on computers.  The software package 
currently employed the most for such calculations is MCNP, which stands for Monte 
Carlo N-Particle.  It is capable of tracking 34 particle types of nucleons, photons, light 
ions, and 2000+ heavy ions at nearly all energies.  It uses standard evaluated data 
libraries mixed with physics models where libraries are not available. 
 
Neutron Activation 
Neutrons have many uses and are of great interest to many different fields.  They play 
an important role in many nuclear reactions.  In particular, knowledge of neutrons and 
their behavior has been important in the development of nuclear reactors and nuclear 
weapons. 
Neutrons are capable of inducing radioactivity in elements.  This process is referred 
to as neutron activation.  It occurs when an atomic nucleus captures a free neutron, 
therefore becoming heavier and entering an excited state.  The excited nucleus often 
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decays immediately by emitting particles such as neutrons, protons, or alpha particles.  
This neutron capture event often results in the formation of an unstable activation 
product.  Such radioactive nuclei can exhibit half-lives ranging from fractions of a second 
to many years.  The rate of activation per unit mass is given by: 
 
R = ϕΣactN 
Where: ϕ = neutron flux averaged over the material surface 
  Σact = activation cross section averaged over the neutron spectrum 
  N = number of interacting atoms 
 
In this way the amount of activation present in the material is a measurable product of the 
neutron flux.  Due to the basic nature of radioactivity, as the element is being irradiated it 
also undergoes radioactive decay, the rate of decay is given by λN.  Therefore, the rate of 
change in N is given by the difference between the rate of activation and the rate of 
decay: 
 
dN/dt = R - λN 
 
By making the assumption that R is constant the solution to this equation for the 
condition N = 0 at t = 0 is: 
A(t) = R(1 – e-λt) 
 
The activity induced by this mechanism will reach a natural saturation activity for 
infinitely long irradiation times.  Exposure times on the order of three to four times the 
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half-life of the induced activity are sufficient to bring the activity to within 6-12% of the 
saturated activity value. (Alfassi 1990)  
Neutron measurements can be carried out indirectly through the radioactivity that is 
induced in some materials by neutron interactions.  A sample of such material can be 
exposed to a flux of neutrons for a period of time and then removed so that the induced 
radioactivity may be counted using conventional methods.  These measurements can be 
used to deduce information about the number and/or energy distribution of the neutrons 
in the original field. (Knoll2 2002)  The materials used in this way are often referred to as 
‘activation detectors’.  Due to the fact that neutron capture cross sections are highest at 
low neutron energies, activation detectors are most commonly applied to the 
measurement of slow neutrons.  To achieve a high degree of sensitivity, mostly materials 
that possess a large cross section for neutron-induced reactions that lead to measurable 
forms and amounts of radioactivity are chosen.  Because the mean free path of neutrons 
in materials with high capture cross sections is quite small, the thickness of the material 
must be kept small to avoid alteration of neutron flux within the sample.  Therefore, thin 
foils or small diameter wire are most suitable for use as activation detectors.   
 
Activation Detector Materials 
In their most basic form, activation foils are integrating detectors that are not capable 
of providing any information about variation in the neutron flux over the time of 
exposure.  However, their small size, insensitivity to gamma radiation, and low cost are 
all large advantages lacking in other detector types.  They are also able to tolerate 
extreme environments where other detectors may fail or require electrical connections.  
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For these reasons, activation foils are widely used in mapping the spatial variation of 
steady-state neutron fluxes in reactor cores, where conditions severely limit the choice of 
detector that may be used. (Knoll4 2000)  
Radiative capture reactions typically occur most often at near thermal energies where 
their cross section for most materials is highest.  The saturation activity is linearly 
proportional to the magnitude of the average cross section for the activation reaction.  
The greatest sensitivity is therefore achieved by selecting materials with the highest 
activation cross section. 
 The ideal half-life of the induced activity will be neither too short nor too long.  For 
many applications a value of a few hours is ideal.  Long half-lives create possible 
radioactive waste issues and require long irradiation times to approach activity saturation.  
However, short half-lives may create issues with the transportation of the sample to a 
suitable area for counting without excessive delay.  Also, the corresponding high 
activities due to the short half-life may create problems with dead time effects within the 
counter. (Shani 1990) 
 When selecting a material for activation, the purity of the material is of great 
importance.  If contaminant material is present in sufficiently high quantities, it may lead 
to inference from other neutron-induced reactions.  However, as long as the half-life of 
the contaminant activity is sufficiently different from that of the primary it may not 
present any issues.  If the half-life of the contaminant is sufficiently short, the issue can 
be eliminated by simply waiting some time before counting the sample.  If the half-life is 
sufficiently long, the amount of activity of the contaminant may not have enough time to 
build up to a significant level. (Knoll4 2002)  
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Isotope Abundance Thermal activation Induced Activity
Element (%)  σ (10-28m2) Isotope Half-Life
Manganese 55Mn (100) 13.2 + 0.1 56Mn 2.58 h
Cobalt 59Co (100) 16.9 + 1.5 60mCo 10.4 min
20.2 + 1.9 60Co 5.28 y
Copper 63Cu (69.1) 4.41 + 0.2 64Cu 12.87 h
65Cu (30.9) 1.8 + 0.4 66Cu 5.14 min
Silver 107Ag (51.35) 45 + 4 108Ag 2.3 min
109Ag (48.65) 3.2 + 0.4 110mAg 253 d
Indium 113In (4.23) 56 + 12 114m1In 49 d
2.0 + 0.6 114In 72 s
115In (95.77) 160 + 2 116m1In 54.1 min
42 + 1 116In 14.1 s
Dysprosium 164Dy (28.18) 2000 + 200 165mDy 1.3 min
800 + 100 165Dy 140 min
Gold 197Au (100) 98.5 + 0.4 198Au 2.695 d  
 
Table 2 Materials Useful as Slow Neutron Activation Detectors (Knoll4 2002) 
 
Table 2 lists several elements that are commonly used as slow neutron activation 
detectors.  For each, the initial isotope and the activated product isotope created by the 
(n,γ) reaction are shown.  At thermal energies, these materials display cross sections 
proportional to 1/v.  However, many show relatively large resonance cross sections at 
certain neutron energies between 1 and 1000 eV.  Hence, the observed activated activity 
is caused by the mixture of thermal and resonance energy neutrons.   
The contributions made by both thermal and resonance energy neutrons can be separated 
differentially through manipulation of the cadmium cutoff.  Cadmium is a metal with an 
extremely large cross section for neutrons of energy < 0.4 eV.  However, the cross 
section for higher energy neutrons is quite low.  Thicknesses of approximately 0.5 mm of 
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cadmium can be used as a selective filter that essentially blocks neutrons of energy <0.4 
eV, but allows higher energy neutrons to pass with little moderation.  Thus if two 
identical foils, one of which is covered with cadmium, are irradiated the cadmium 
covered foil will show only the resonance contribution. (Knoll4 2002)  
This activation method can be extended to the measurement of higher energy 
neutrons through the use of materials that require a certain threshold of neutron energy 
for the reaction to take place.  By exposing a known set of ‘threshold activation’ foils to a 
given neutron field, the known differences in the shape of the cross sections can serve as 
a basis of the projected neutron energy distribution. (Knoll3 2002)  
Neutrons may also be used to excite nuclei in order to determine the composition of 
elements in the activated sample by performing spectroscopy on the emitted gamma rays.  
This idea is the basis of neutron activation analysis (NAA).  Neutron activation analysis 
is a sensitive analytical technique useful for performing both qualitative and quantitative 
multi-element analysis of major, minor, and trace elements in samples from almost every 
conceivable field of scientific or technical interest.  NAA falls into two categories: 
prompt gamma-ray neutron activation analysis (PGNAA) and delayed gamma-ray 
neutron activation analysis (DGNAA).  In PGNAA spectroscopy measurements take 
place during irradiation, whereas in DGNAA the measurements follow radioactive decay.  
DGNAA is often used to analyze small samples of materials in a nuclear reactor whilst 
PGNAA is most often used to analyze subterranean rocks around bore holes and 
industrial bulk materials on conveyor belts. (Alfassi 1990) 
Spectroscopy of an activated sample produces a spectrum containing a specific 
“fingerprint” of all elements capable of being activated in quantities that are proportional 
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to: the amount of an element present in the sample, and the cross section of that element 
for a given neutron energy.  NAA can vary according to a number of experimental 
parameters such as: the kinetic energy of the neutrons used for irradiation, whether or not 
nuclear decay products (gamma-rays or particles) are measured during neutron irradiation 
(prompt gamma) or afterwards (delayed gamma).  DGNAA is most applicable to the vast 
majority of elements that form artificial radioisotopes, and can be performed over days, 
weeks or even months following activation of the sample. (Alfassi 1990)  The major 
noteworthy drawback to the use of NAA is that the irradiated sample may remain 
radioactive for many years after the initial analysis.  For this reason, handling and 
disposal protocols for low-level to medium-level radioactive material are necessary for 
the facility employing this technique.   
 
Literature Review 
 In 2003, a study by Shtejer-Diaz was undertaken to determine the neutron flux 
distribution in an Am–Be irradiator using MCNP.  A neutron irradiator had been 
assembled in order to perform qualitative–quantitative analysis of many materials using 
thermal and fast neutrons outside the nuclear reactor premises.  To establish the prototype 
specifications, the neutron flux distribution and the absorbed dose rates were calculated 
using the MCNP computer code.  These theoretical predictions were used to gain 
information on the optimum irradiator design and its performance.  In this study, two 
different configurations related to the neutron source configuration were explored.  In the 
first configuration there was a prevalence of thermal neutrons.  In this situation, a 100 
mm-long polyethylene cylinder was placed between each neutron source and the outer 
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wall of the cavity in order to thermalize the emitted neutrons.  In the second configuration 
there was a prevalence of fast neutrons.  In this situation, the polyethylene cylinders were 
removed and the neutron sources were positioned 45 mm away from the prototype’s 
geometrical center.  The MCNP-4C code was used to estimate the spatial distributions of 
flux that arise from the two different source configurations outlined earlier. The energy 
ranges considered were thermal below the cadmium cutoff energy (0.5 eV), epithermal 
(between 0.5 eV and 0.5 MeV) and fast neutrons (above 0.5 MeV).  For the neutron flux 
calculations, the tally F4:N was used. This tally allows the calculation of the flux average  
over a cell (particles/cm2).  In this Monte Carlo simulation, 5E6 histories were run, thus 
providing an estimated relative error less than 10% and producing reliable confidence 
intervals.  It was a neutron-only problem (MODE N) with a neutron lower energy at the 
MCNP default energy cutoff value (10-11 MeV).  The flux and dose rates were calculated 
for energies ranging from the cutoff value up to 12 MeV.  The neutron absorbed dose 
rates for both configurations were also calculated using the MCNP-4C code.  The 
physical absorbed dose was estimated by calculating the neutron energy deposition 
average over the cell with tally F6:N. (Shtejer-Diaz 2003) 
 In a study by Faghihi in 2006, the Neutron Fluence rate of a low intensity Pu-Be 
source was measured by Neutron Activation Analysis (NAA) using 197Au foils.  Also, the 
neutron fluence rate distribution versus energy was calculated using the MCNP-4B code 
based on ENDF/B-V library.  In this experiment gold foils of 0.049 g/cm2 thickness were 
irradiated using a Pu-Be source for t = 143h.  The activities of the irradiated foils were 
measured for a period of ∆t = 12h following the irradiation.  A horizontal port with a 3.8 
cm diameter was utilized to hold gold foils at an arbitrary distance from the source.  Also, 
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Cadmium (Cd) coated gold foils were used to determine the fast neutrons spectrum.  The 
MCNP-4B code was used to estimate the distribution of the neutron fluence rate of the 
source.  The gold (Au) neutron cross section shows a resonance at about 5 eV, which is 
responsible for most of the neutron absorption in the epithermal energy range.  The tally 
F4:N was used for the neutron fluence rate calculations.  This tally allows calculations of 
the fluence rate average on the surface (particles/cm2).  In their Monte Carlo simulation, 
1E7 histories were run to obtain an estimate relative error of less than 10%.  In the 
theoretical problem an isotropic Pu-Be source with a cylindrical volume distribution was 
simulated.  The source was near the center of a cylindrical tank of 76.5 cm length and 
68.5 cm diameter filled with Paraffin to moderate neutrons.  This was a neutron only 
problem and therefore, only the n-mode was considered and the MCNP default neutron 
cutoff energy value of 10-11 MeV was used.  The Pu-Be source was modeled to have a 
neutron yield of 1.13 × 107 n/s in the year 1976 and to emit neutrons up to near 12 MeV 
energy.  By analyzing 9Be(α,n)12C , four neutron spectrum energies were calculated of 
12.0575 MeV (efficiency 0.000031), 12.2277 MeV (efficiency 0.001), 12.3265 MeV 
(efficiency 0.283), 12.3692 MeV (efficiency 0.716). (Faghihi 2006) 
 In 2007 and 2009 Vega-Carrillo undertook two relevant studies: Monte Carlo-
Based Investigation to Determine the Strength of a Neutron Source, and Spectrometry 
and Dosimetry of a Neutron Source, respectively.  The aim of this work was to use the 
Monte Carlo methods to determine the yield, fluence rate, neutron spectrum, dose 
equivalent and the ambient equivalent dose due to neutrons from a 239PuBe neutron 
source, and to compare these results with those obtained by physical measurement.  
 The 2007 study utilized a 7.62Ø × 7.62 cm NaI(Tl) detector with a spherical 
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moderator as gamma-ray spectrometer, with the aim to measure the neutron fluence rate 
and to determine the neutron source strength.  This study was based on the fact that 
moderators with a large amount of hydrogen are able to slowdown and thermalize 
neutrons.  Once thermalized, there is a probability for thermal neutrons to be captured by 
hydrogen, producing 2.22 MeV gamma rays.  The pulse-height spectrum collected in a 
multichannel analyzer shows a photopeak around 2.22 MeV whose net area is 
proportional to the total neutron fluence rate and to the neutron source strength.  The 
projected NaI detector response was calculated by the Monte Carlo MCNP 4C code in 
terms of the expected pulse-height spectra observed with a multichannel analyzer, using 
256 channels covering photon energies from 0 to 5 MeV in a detailed model of the 
NaI(Tl) detector.  (Vega-Carrillo 2007) 
 In the 2009 study, Monte Carlo methods utilizing the MCNP 4C code were used to 
determine the spectrum, dose equivalent, and ambient dose equivalent of a 239Pu-Be 
source at several distances.  The spectrum and both doses were determined at 100 cm 
with a Bonner Sphere Spectrometer (BSS) with a 0.4Ø × 0.4 cm2 6LiI(Eu) scintillator.  
These quantities were obtained by unfolding the spectrometer count rates using artificial 
neural networks.  All of the measurements were carried out in an open space to avoid the 
room-return.  The polyethylene spheres utilized during measurements were 0, 2, 3, 5, 8, 
10 and 12 inches in diameter.  From the count rates measured with the BSS the neutron 
spectrum, the total fluence rate, equivalent dose H, and effective dose were estimated.  
The dose equivalent was measured with an area neutron dosemeter Eberline model NRD, 
at 100, 200 and 300 cm.  (Vega-Carrillo 2009) 
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Scope of Work 
The objective of this research is to characterize the neutron energy distribution 
and flux emitted from the UNLV plutonium-beryllium source, serial number MRC-N-W 
PuBe 453.  This will be accomplished by using the MCNPX/5 Monte-Carlo particle 
transport code to simulate radiation interaction within the physical environment of the 
source and its surroundings.  The moderating drum currently containing the source as 
well as all of the sampling ports will be accurately modeled in MCNPX/5.  This geometry 
will then be used to simulate the neutron interactions taking place in the system.  The 
results of the simulations will be verified by the use of specifically chosen activation 
detectors and threshold foils designed to accurately convey information on the energy 
distribution and flux of the neutrons present at multiple sampling locations. 
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CHAPTER 2 
MONTE CARLO 
 For this research, 2 different Monte Carlo codes were used: SOURCES4C and 
MCNPX/5.  SOURCES4C is a code system that is capable of determining the neutron 
production rates and spectra from (α, n) reactions, spontaneous fission, and delayed 
neutron emission due to radionuclide decay.  The most recent version is capable of 
calculating four different types of problems: homogenous media, two-region interface, 
three-region interface, and beam geometries.  MCNPX is a general purpose Monte Carlo 
radiation transport code for modeling the interaction of radiation with nearly everything. 
 
SOURCES4C 
 The 239PuBe source available at UNLV consists of 32g of plutonium-239 
homogeneously mixed with beryllium-4 and sealed in a stainless steel container.  It was 
manufactured on 04/10/1974, however no information is available from the manufacturer 
about the exact composition concerning the other plutonium isotopes present or the 
source strength.  The source is pictured in Figure 2.1. 
 In order to create the code for SOURCES4C it is necessary to know the isotopic 
composition and age of the plutonium in the Plutonium-Beryllium source.  Due to the 
limited amount of information available about UNLV’s specific neutron source, seeking 
literature search regarding the composition of many different neutron sources was 
conducted.  In particular, one article was found to be extremely relevant. This article by 
C. T. Nguyen, “Verification of the content, isotopic composition and age of plutonium in 
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Pu-Be neutron sources by gamma-spectroscopy”, used a non-destructive, gamma-
spectrometric method to determine the composition of the source. 
 
 
 
Figure 2.1 UNLV Pu-Be Neutron Source 
 
Because the composition of the plutonium can vary based upon the time it spent in the 
reactor, the amount of purification, and the time between irradiation and purification, it is 
difficult to speculate exactly what the isotopic composition may be.  In the work by 
Nguyen, a source with a similar manufacturing date and amount of Pu-239 was found to 
contain approximately 77% Pu-239 at the time of the study.  This source may be the most 
similar to our source, but 2 other common isotope ratios: 83% Pu-239 and 95% Pu-239 
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were also selected to be run in SOURCES 4C in order to determine the differences 
between them.   
 
Radionuclide
Pu-237 0.00% 0% 0%
Pu-238 1.00% 1.06% 0.00%
Pu-239 83.00% 77% 95%
Pu-240 14.00% 19.70% 4.73%
Pu-241 0.71% 0.70% 0.04%
Pu-242 1.19% 1.60% 0.02%
Am-241 2.20% 2.80% 0.23%
% Composition
 
 
Table 3 Input Radionuclide Compositions for SOURCES4C 
 
In order to use these isotope compositions shown in Table 3 with SOURCES4C, they 
had to be converted to atom density (#/cm3).  These compositions were reverse decayed 
on an isotope-by-isotope basis back to 4/10/1974 where the gram weight of Pu-239 was 
established as 32 g.  Based upon this “original composition” and the known original mass 
of Pu-239 present, the atom densities of each isotope were calculated.  In addition, the 
original amount of Am-241 present at the manufacturing date was assumed to be zero.  
These atom densities were then decayed to 4/10/2010.  The volume of our source was 
determined by direct measurement as seen in Table 4.  The results of the SOURCES4C 
runs based upon our known 32g of Pu-239 determined that any differences between the 
three theoretical compositions are quite small.  The neutron energy and flux distributions 
are very similar, as seen in Figure 2.2 
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Height 5.42E+00 cm
Radius 1.28E+00 cm
Area 5.12E+00 cm2
Volume 2.77E+01 cm3
Source Dimensions
 
 
Table 4 University of Nevada, Las Vegas Pu-Be outer source dimensions 
 
Neutron Energy Spectrum of Different 239-Pu%
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Figure 2.2 Comparison of SOURCES4C results using varying percentages of 239-Pu. 
 
The results of the runs indicated that the values obtained with a composition of 77% 
Pu-239 were a good average of all three compositions.  The resulting neutron energy and 
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flux distribution of the 77% composition Pu-239 (shown exclusively below in Figure 2.3) 
was used as the assumed values created at the source before any transport through the 
surrounding environment for all research hereafter.   
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Figure 2.3 Histogram of the neutron energy vs. flux created at the source. 
 
MCNPX 
 It is necessary to model the moderating container drum that the source is stored in in 
order to run a particle transport simulation on the surrounding environment in MCNPX.  
No data could be found on the interior composition of the moderating drum.  Therefore, 
the moderating container drum was modeled as a 55 gallon steel drum with a paraffin 
interior.  There are three sampling ports, two vertical and one horizontal, in proximity to 
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the source in the irradiation position.  The activation foil was modeled in different 
positions within the sampling ports, labeled by their insertion distance from the outside 
wall of the moderating drum (2in, 5in, 8in, and one in near contact with the source.)  
Placed behind the activation foil, in each geometry, is essentially an aluminum “wheel” 
that is meant to approximate the sample holder used to secure the activation foil.  This 
creates a reproducible geometry.  A representation of the geometry can be viewed in 
Figures 2.4-2.6. 
 
 
 
 
Figure 2.4 MCNPX irradiation geometry in the X,Y direction 
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Figure 2.5 MCNPX irradiation geometry in the X, Z direction 
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Figure 2.6 MCNPX irradiation geometry in the Y, Z direction 
 
In the Monte Carlo simulation, the ‘F4:n’ tally was used. This tally gives the neutron 
fluence in a cell, in this case the activation foil. This is a neutron problem, therefore only 
the neutron fluence was considered.  In addition the ‘e’ tally was used with many 
different energy bins to characterize the energy of neutron that was coming across the 
cell.   
The following energy bins were used: 
0, 2.5e-8, 5e-7, 1e-6, 1e-5, 1e-4, 1e-3, 1e-2, 1e-1, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 
1.75, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 3.75, 4, 4.25, 4.5, 4.75, 5, 5.25, 5.5, 5.75, 
6, 6.25, 6.5, 6.75, 7, 7.25, 7.5, 7.75, 8, 8.25, 8.5, 8.75, 9, 9.25, 9.5, 9.75, 10, 
10.25, 10.5, 10.75, 11, 11.25, 11.5, 11.75, 12 [MeV]. 
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These bins cover the most probable thermal neutron energy going into the thermal / 
epithermal energy region where the cadmium cutoff lies (0.5 eV).  Following that, the 
energy is increased by one order of magnitude per bin until reaching 250 keV, after 
which it is increased by 250 keV per bin until 12 MeV is attained.   
For each simulation, 10,000,000 histories were run in order to obtain a sufficiently 
low degree of error and pass all statistical tests.  However, the farther away from the 
source that the tally-cell is, the higher the corresponding degree of error due to the higher 
reliance on random scattering and energy deposition within the moderating material, the 
composition of which is not known.  The results of these simulations can be seen below 
in Figures 2.7-2.12. 
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Figure 2.7 Flux vs. energy bin for all sampling ports by location 
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Figure 2.8 Flux vs. energy bin for the Contact position 
 
 
 
Figure 2.9 Flux vs. energy bin for the 8in position 
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Figure 2.10 Flux vs. energy bin for the 5in position 
 
 
 
Figure 2.11 Flux vs. energy bin for the 2in position 
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Figure 2.12 Flux vs. energy bin for the Y position 
 
 A situation in which a cadmium cover was placed over the foil was also modeled in 
MCNPX.  It is often assumed that cadmium removes practically all neutrons below the 
0.4 eV threshold without affecting the neutron flux above that energy.  This assumption 
was tested by modeling the condition in MCNPX and determining just how much the 
higher energy neutron flux was affected by the presence of a cadmium cover.  The 
difference in the two compared simulations can be seen in Figure 2.13. 
 It was determined that the placement of a cadmium cover over an activation foil does 
not affect the practical fluence of epithermal neutrons above 1 eV to high-energy 
neutrons by more than 6.3%. 
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Figure 2.13 Comparison of the neutron flux vs. energy for a cadmium-covered  
and non-covered activation foil 
 
 All resulting data from the SOURCES4C and MCNPX radiation transport simulations 
for each position and situation are found in tables listed in the appendix. 
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CHAPTER 3  
NEUTRON ACTIVATION FOILS 
 Neutron activation foils are a widely used and extremely reliable type of neutron 
detector that are both versatile and convenient to use.  Depending upon the 
composition of the foil, they can be used over a wide variety of both flux levels and 
neutron energies.  They have the advantage of being physically small and operate 
without the use of electronic equipment during the irradiation.  That being the case, 
they are the only practical way of obtaining a number of measurements such as the 
specific neutron energies in an operating reactor.  They are also unaffected by the 
presence of gamma or other types of radiation during the irradiation period.   
 
Theory 
 The energy of the neutron in the flux being measured can be broken down in three 
broad ranges: slow (thermal), intermediate (epithermal), and fast neutrons.  These 
energy neutrons have different processes by which they can activate material: thermal 
absorption (slow energies), resonance absorption (intermediate energies), and 
threshold activation (intermediate and fast energies).   
 Thermal and resonance absorption are the result of (n,γ) reactions.  The amount of 
activated material is the result of the intensity of the thermal neutron flux, the number 
of target atoms, and the cross-section of those atoms for a neutron capture reaction.
 Threshold reactions however require the ejection of some nuclear particle.  This 
results in the following reactions: (n,p), (n,α), (n, n’), and (n,2n).  These threshold 
reactions require a minimum energy neutron to achieve the reaction, and hence are 
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called threshold reactions because below that energy the reaction cannot take place.  
Using threshold foils it is therefore possible to obtain the integrated neutron flux over 
time above a certain neutron energy and not just the flux at the threshold.   Ideally, 
these detectors do not respond to any energy neutron below this energy as well or can 
be controlled through the use of cadmium covers.  Threshold reactions often carry 
relatively low cross sections and hence require high intensity neutron fluxes, and 
possibly long irradiation times.   
 The thermal neutron flux can be measured using activation foils that carry a high 
cross section for thermal absorption.  Indium (In) and gold (Au) are widely used for 
the measurement of thermal and epithermal neutrons.  In order to measure the 
epithermal neutrons specifically, a cadmium cover is often utilized.  Cadmium metal 
carries an extremely high cross section for neutrons less than 0.4 eV, this is 
approximately the cutoff energy for thermal neutrons.  Above the energy, cadmium 
has a very poor cross section for neutron capture and other interactions.  This creates 
a cut-off energy that stops all neutrons below that energy.  Thus, when a foil is 
covered by cadmium, it will be activated only by neutrons with energies above that 
cut-off energy (0.4 eV), i.e. intermediate and fast energy neutrons.  For this reason, a 
bare foil is often activated along with a cadmium covered foil.  The difference in 
activity between the two coincides with the distribution between the thermal neutron 
flux and above.  This is often referred to as the ‘cadmium ratio’. 
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Materials and Methods 
 For the experiment, a Broad Spectrum Neutron Foils kit was purchased from 
Shieldwerx.  This kit is composed of 4 foils of each of the following metals: Al, Au, 
Cu, Fe, In, Mg, Ni, Sc, Ti, V, and Zr.  10 Cd cover sets were also included in the kit.  
These foils, in combination, are able to measure specific energy points ranging from 
0.025 eV to 13.5 MeV.  All foils are 0.5 inches in diameter and are weighed to 
+0.0001g.  A spectrographic analysis of the metal foils was provided by the 
manufacturer as well.   
 Based upon the simulated Monte Carlo spectra obtained for different points in the 
source geometry, different foil combinations were chosen on a case-by-case basis to 
best fit the neutron energy and neutron flux expected at the exact point.  It was 
determined by Monte Carlo simulation that in nearly all positions, except the 
“contact” position, the neutron flux consists primarily of thermal and epithermal 
neutrons.  Therefore in those positions, only thermal neutron capture reactions are 
available to induce activity in reasonable ‘large’ quantities.  For these positions, gold 
(Au) and indium (In) were chosen due their relatively short half-lives and high 
neutron capture cross-section.  It was expected that use of these foils would still result 
in enough activity to produce good counting statistics in a relatively short irradiation 
times (~24 hours).   
 The activity of the foils will eventually reach a steady-state under neutron 
irradiation where the amount of radioactivity induced in the foil is matched by an 
equal amount leaving through radioactive decay.  This is known as the saturated 
activity.   The rate of buildup of activity in a foil being irradiated is the same as its 
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rate of decay.  Therefore, irradiating a foil for 8-10 half-lives of the radioactive 
daughter will result in the saturated activity.  
 
Metal density (g/cm3)
Rxn Thrshld m.w. % Reaction Lambda (1/s) Half-life Cross-section (cm 2)
Au 197 100.00% 19.3
thermal Au197 (n,y) Au198 2.98236E-06 2.69 days 1.00E-22
4.906 eV Au197 (n,y) Au198 2.98236E-06 2.69 days 1.57E-21  
 
Table 5 Gold (Au) neutron reactions 
 
 
 
Figure 3.1 Au-198 Decay Scheme 
 
 Gold-197 (Au) undergoes neutron capture to become Au-198.  It has a high 
thermal neutron capture cross section (1.0e-22 cm2) and a high resonance cross 
section (1.57e-21 cm2) at 4.906 eV.  These reactions can be seen in Table 5.  The 
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product nuclei, Au-198, is a pure beta emitter that decays to Hg-198*, which in-turn 
undergoes gamma decay to Hg-198. 
 Indium (In) has two stable isotopes, In-113 and In-115, that have a relative natural 
abundance of 0.0429 and 0.9571 respectively.  In-115 undergoes neutron capture to 
become In-116m.  It has a high thermal neutron capture cross section (1.70e-22 cm2) 
and a high resonance capture cross section (3.24e-21 cm2) at 1.456 eV.  These 
reactions can be seen in Table 6.  The product nucleus, In-116m, undergoes beta 
decay to Sn-116 which de-excites via gamma emission.  Indium is also capable of a 
threshold reaction that begins at 1.2 MeV.  This reaction carries a cross-section of 
(1.7e-25 cm2).  Due to the short half-lives of these indium isotopes, they can also 
build up radioactivity under neutron irradiation relatively quickly; reaching their 
saturated activities in approximately 540, and 2700 minutes respectively.   
 
Metal density (g/cm3)
Rxn Thrshld m.w. % Reaction Lambda (1/s) Half-life Cross-section (cm 2)
In 113 4.29% 7.31
115 95.71%
thermal In115 (n,y) In116m 0.000213934 54 min 1.70E-22
1.456 eV In115 (n,y) In116m 0.000213934 54 min 3.24E-21
1.2 MeV+ In115 (n,n') In115m 4.27869E-05 4.5 hours 1.7E-25  
 
Table 6 Indium (In) neutron reactions 
 
Counting Methods 
 The detectors used for all measurements were two Canberra HPGe detectors with 
a relative efficiency of 40%.  These detectors were calibrated using a europium-152 
(Eu-152) point source that had an activity of 42.3 kBq + 3% (reference date March 1, 
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2008).  For the purposes of this calibration, the calibration point source was placed on 
the detector endcap to obtain an absolute efficiency for this geometry.  All irradiated 
neutron activation foils were counted in this same geometry and were assumed to be 
equivalent to point sources.  The foils were counted in this geometry for 24 hours 
following the irradiation period.  The activities determined, once identified with their 
corresponding nuclide, were decay-corrected back to the date and time of the end of 
the irradiation period.  
 
Irradiation Scheme 
 The process for each single irradiation was to assemble the sample holder with a 
foil inside and place it in the desired position in the irradiator.  The source was then 
raised into the irradiation position.  Following the irradiation period, the Pu-Be source 
was lowered from the irradiation position and the sample holder was removed from 
the moderator barrel sampling port.  Once removed from the irradiator, the sample 
holder (shown below) was disassembled and the activation was measured briefly via a 
Geiger Mueller counter.  The foil was then bagged and the next foil to be irradiated 
was placed in the sample holder and reassembled.   
 The sample holder used to secure the activation foils in the irradiator in a reliable 
position was custom fabricated by the UNLV machine shop.  Constructed of 
aluminum, the sample holder itself became activated when placed in the irradiator in 
certain positions due to the threshold reactions (shown in Table 7) that take place at 
neutron energies above 4.4 MeV, and 7.2 MeV.   
 
 37 
 
 
 
Figure 3.2 Aluminum activation foil sample holder 
 
Metal density (g/cm3)
Rxn Thrshld m.w. % Reaction Lambda (1/s) Half-life Cross-section (cm 2 )
Al 27 100.00% 2.7
4.4 MeV+ Al27 (n,p) Mg27 0.001222482 9.5 min 4.12E-27
7.2 MeV+ Al27 (n,a) Na24 1.27849E-05 15 hours 6.93E-28  
 
Table 7 Aluminum (Al) threshold neutron reactions 
 
 The sample holder was able to accommodate at least 1 activation foil securely, 
with or without a cadmium cover.  The holder can then be placed in a reproducible 
geometry within the irradiator.  An aluminum rod was secured into either the top or 
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the back of the sample holder in order to insert it into the horizontal or vertical 
sampling ports of the source barrel.  This rod was marked in 1 inch increments in 
order to position the sample holder in the correct spot for each irradiation. The points 
used for the irradiation corresponded to the distances used for the MCNPX 
simulations. 
 For the irradiations, the materials and locations were chosen to specifically 
convey specific, practical information about the neutron fluence and energy at that 
location.   
 The gold (Au) foils were chosen to be irradiated at the contact and 8in positions 
because it had been determined that an appropriate amount of thermal and epi-thermal 
neutrons were present in those locations that would result in a measurable amount of 
activity after a relatively short irradiation period (~24 hours).  The observed activity 
after the irradiation of Au is caused by a mixture of thermal and resonance energy 
neutrons.  These contributions can be separated differentially through manipulation of 
the cadmium cutoff.  A cadmium cover was used as a selective filter to block 
neutrons of energy <0.4 eV, but still allow higher energy neutrons to pass with little 
moderation.  Therefore two identical foils, one of which was covered with cadmium, 
were irradiated in both the contact and 8in position so that the resonance contribution 
at 4.906 eV could be calculated.  
 The indium (In) foils were chosen to be irradiated at the contact, Y, and 5 in 
positions because its higher cross-section and lower half-life allow a measurable 
amount of activity to build up in a short time in a relatively small neutron fluence.  In 
addition, indium foils may be used as threshold foils, giving the neutron fluence at 
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energies above 1.2 MeV.  The cross section for this reaction is smaller and due to the 
moderating properties of the storage container can only be used in the contact 
position.  As a result of the smaller cross section, the irradiation time had to be 
increased in order to reach a measurable amount of radioactivity.  The In foil was 
irradiated for approximately 72 hours.  Due to the simultaneous reactions of neutron 
capture and neutron scatter in In-115, a cadmium cover was be used to dampen the 
amount of activity that builds up over the irradiation period due to the capture 
reaction in order to lessen the detector dead-time.  For the Y and 5in positions, no 
cadmium cover was used on the indium foils so that the thermal neutron flux can be 
determined. 
 Although all of the calculations for the 2 in position were completed, this position 
was not chosen to be used for foil irradiation due to the lack of practicality for use 
due to the low neutron flux at any energy.   
 The irradiation scheme chosen for the experiment is shown below in Table 8 
displaying element information, position, and cadmium cover (if applicable). 
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CHAPTER 4 
RESULTS & DISCUSSION 
This chapter focuses on the comparing and contrasting the results that were obtained 
from the calculations and simulations using SOURCES4C and MCNPX, respectively, 
with the data acquired from the experimental neutron activation foil irradiations. 
 
Gold (Au) foil irradiations 
Gold (Au) foil; Contact position 
 
element isotope position Cd cover
Au 198 Ct no
Contrib.
total
thermal
4.906 eV
Contrib.
total
element isotope position Cd cover
Au 198 Ct yes
Contrib.
total
thermal
4.906 eV
1.16E+00
Contrib.
total
thermal
4.906 eV
Calculated Activity (bq)
3.13E+01
Experimental Act (bq)
2.93E+01
Experimental Flux (n/s-cm2)
2.22E+02
0.00E+00
2.22E+02
Calculated Flux (n/s-cm2)
1.91E+02
0.00E+00
1.91E+02
Calculated Activity (Bq) Experimental Act (Bq)
1.75E+024.16E+01
Calculated Flux (n/s-cm2)
2.05E+03
1.86E+03
1.91E+02
Experimental Flux (n/s-cm2)
1.74E+04
1.72E+04
2.22E+02
 
 
Table 9 Comparison of the activity and flux of Au foils in the contact position 
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Calculated vs. Experimental Flux [Ct]
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
0 1 2 3 4 5 6
eV
Au Ct thermal calculated Au Ct 4.906 eV calculated
Au Ct thermal experimental Au Ct 4.906 experimental
 
 
Figure 4.1 Calculated and experimental thermal and epi-thermal neutron flux in the 
contact position 
 
The first irradiation set sought the thermal and epi-thermal neutron flux at the contact 
position.  Two Au foils were irradiated for approximately 24 hours in the contact 
position.  One of these foils used a cadmium cover in order to block the thermal neutron 
contribution to the final activity.  The un-covered foil became activated with 
approximately 175 Bq of activity over the course of the 24 hour irradiation period.  The 
expected activity from calculations and Monte Carlo simulation was 41.6 Bq.  This 
represents a difference of approximately 4.21x.   
The covered foil became activated with approximately 29.3 Bq of activity over the 
course of the 24 hour irradiation period.  The expected activity from calculations and 
Monte Carlo simulation was 31.3 Bq.  This represents a difference of 1.16x.   
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The neutron flux can then be calculated by these activities because the irradiation 
time, cross section, number of available atoms, and decay schemes are known.  By 
subtracting the activity induced in the cadmium-covered foil from the non-covered foil, 
the activity resulting from the thermal flux can be inferred.  The summary of these 
irradiations can be viewed in Table 9.  For the contact position, the thermal neutron flux 
was calculated to be 2.05E+03 (n/s-cm2).  Based upon the measured activities, the 
experimental thermal neutron flux at the contact position was found to be 1.74E+04 (n/s-
cm2).  For the contact position, the neutron flux at the 4.906 eV resonance peak of Au 
was calculated to be 1.91E+02 (n/s-cm2).  Based upon the measured activities, the 
experimental neutron flux at the 4.906 eV resonance peak of Au was found to be 
2.22E+02 (n/s-cm2). 
Gold (Au) foil; 8in position 
The second irradiation set sought the thermal and epi-thermal neutron flux at the  8in 
position.  Two Au foils were irradiated for approximately 24 hours in the 8in position.  
One of these foils used a cadmium cover in order to block the thermal neutron 
contribution to the final activity.  The un-covered foil became activated with 
approximately 165 Bq of activity over the course of the 24 hour irradiation period.  The 
expected activity from calculations and Monte Carlo simulation was 25.2 Bq.  This 
represents a difference of approximately 5.28x.   
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element isotope position Cd cover
Au 198 8in no
Contrib.
total
thermal
4.906 eV
Contrib.
total
element isotope position Cd cover
Au 198 8in yes
Contrib.
total
thermal
4.906 eV
Contrib.
total
thermal
4.906 eV
Calculated Activity (Bq) Experimental Act (Bq)
1.36E+01 1.73E+01
1.03E+02
1.31E+02
0.00E+00
1.31E+02
Calculated Flux (n/s-cm2) Experimental Flux (n/s-cm2)
1.03E+02
0.00E+00
Calculated Activity (Bq) Experimental Act (Bq)
2.52E+01 1.65E+02
1.57E+03
1.03E+02
Experimental Flux (n/s-cm2)
1.76E+04
1.75E+04
1.31E+02
Calculated Flux (n/s-cm2)
1.67E+03
 
 
Table 10 Comparison of the activity and flux of Au foils in the 8in position 
 
Calculated vs. Experimental Flux [8in]
1.E+00
1.E+01
1.E+02
1.E+03
1.E+04
1.E+05
0 1 2 3 4 5 6
eV
Au 8in thermal calculated Au 8in 4.906 eV calculated
Au 8in thermal experimental Au 8in 4.906 experimental
 
 
 
Figure 4.2 Calculated and experimental thermal and epi-thermal neutron flux in the 8in 
position. 
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The cadmium-covered foil became activated with approximately 17.3 Bq of activity 
over the course of the 24 hour irradiation period.  The expected activity from calculations 
and Monte Carlo simulation was 13.6 Bq.  This represents a difference of 1.27x.   
For the 8in position, the thermal neutron flux was calculated to be 1.57E+03 (n/s-
cm2).  Based upon the measured activities, the experimental thermal neutron flux at the 
8in position was found to be 1.76E+04 (n/s-cm2).  For the 8in position, the neutron flux at 
the 4.906 eV resonance peak of Au was calculated to be 1.03E+02 (n/s-cm2).  Based upon 
the measured activities, the experimental neutron flux at the 4.906 eV resonance peak of 
Au was found to be 1.31E+02 (n/s-cm2).  The summary of these irradiations can be 
viewed in Table 10. 
 
Indium (In) foil irradiations 
Indium (In) foil; Contact position 
The third irradiation set sought to find the high-energy, relativistic neutron flux at the 
contact position calculated from the neutron scatter reaction.  An indium foil wrapped in 
a cadmium cover was irradiated for approximately 72 hours in the contact position.    The 
In foil became activated with approximately 23.6 Bq of In-115m activity over the course 
of the 72 hour irradiation period.  The expected activity from calculations and Monte 
Carlo simulation was 1.94 Bq.  This represents a difference of approximately 12.2x.  The 
foil also became activated with approximately 171 Bq of In-116m over the course of the 
irradiation.   
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Indium Calculated vs. Experimental Flux [Ct]
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1.00E+05
1.00E+06
1E-08 1E-07 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10
MeV
In Ct Calculated 1.2 MeV+ In Ct Experimental 1.2 MeV+ In Ct Calculated thermal
In Ct Experimental thermal In Ct Calculated 1.456 eV In Ct Experimental 1.456 eV
 
 
Figure 4.3 Calculated and experimental thermal, epi-thermal, and relativistic neutron flux 
in the contact position for an indium foil irradiation. 
 
element isotope position Cd cover
In 115m, 116m Ct yes
isotope Contrib.
115m 1.2 MeV+
116m total
thermal
1.456 eV
isotope Contrib.
115m 1.2 MeV+
116m total
Calculated Activity (Bq) Experimental Act (Bq)
1.93985743
120.1285683
2.36E+01
1.71E+02
3.39E+01
Experimental Flux (n/s-cm2)
2.32E+05
5.53E+01
6.97E+00
4.83E+01
Calculated Flux (n/s-cm2)
1.90E+04
3.88E+01
4.90E+00
 
 
Table 11 Comparison of the activity and flux of In foil in the contact position 
 
 47 
 
The expected activity from calculations and Monte-Carlo simulation was 
approximately 120 Bq.  This represents a difference of approximately 1.42x.  The 
summary of these irradiations can be viewed in Table 11. 
Although a cadmium cover was utilized in this irradiation set, a comparison run of an 
uncovered foil in the contact position was not conducted.  This is mainly due to the fact 
that the thermal vs. epi-thermal neutron flux was already determined with Au foils.  The 
primary focus was to determine the fast neutron flux, in this case the integrated flux of 
neutrons above 1.2 MeV.  However, even without the uncovered foil as a comparison, the 
experimental flux for both thermal neutrons can be estimated based upon the Monte 
Carlo simulations for thermal neutrons and the ratio obtained from the calculated and 
experimental epi-thermal flux.   
For the contact position, the high energy (1.2 MeV +) neutron flux was calculated to 
be 1.90E+04 (n/s-cm2).  Based upon the measured activities, the experimental high 
energy neutron flux at the contact position was found to be 2.32E+05 (n/s-cm2).  For the 
contact position, the neutron flux at the 1.456 eV resonance peak of In was calculated to 
be 3.39E+01 (n/s-cm2), and the thermal neutron flux was calculated to be 4.90E+00 (n/s-
cm2).    Based upon the measured activities, the experimental neutron flux at the 1.456 eV 
resonance peak of In was calculated to be 4.83E+01 (n/s-cm2), and the thermal neutron 
flux was calculated to be 6.97E+00 (n/s-cm2). 
 
 Indium (In) foil; Y position 
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element isotope position Cd cover
In 115m, 116m Y no
isotope Contrib.
115m 1.2 MeV+
116m total
thermal
1.456 eV
isotope Contrib.
115m 1.2 MeV+
116m total
7.37E+03
1.11E+02
0.065240892
2.52E+02
1.02
1.08E+03
Calculated Flux (n/s-cm2) Experimental Flux (n/s-cm2)
Calculated Activity (Bq) Experimental Act (Bq)
6.40E+02
1.74E+03
1.72E+03
2.59E+01
1.00E+04
7.47E+03
 
 
Table 12 Comparison of the activity and flux of In foil in the Y position 
 
Indium Calculated vs. Experimental Flux [Y]
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1.00E+05
1E-08 1E-07 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10
MeV
In Ct Calculated 1.2 MeV+ In Ct Experimental 1.2 MeV+ In Ct Calculated thermal
In Ct Experimental thermal In Ct Calculated 1.456 eV In Ct Experimental 1.456 eV
 
 
Figure 4.4 Calculated and experimental thermal, epi-thermal, and relativistic neutron flux 
in the Y position for an indium foil irradiation. 
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The simultaneous reaction of neutron capture in In-115 resulting in In-116m, and a 
neutron scatter reaction that produces a meta-stable In-115m was measured.  In the 
experiment the In foil became activated with approximately 1.02 Bq of In-115m activity 
over the course of the 24 hour irradiation period.  The expected activity from calculations 
and Monte Carlo simulation was 0.065 Bq.  This represents a difference of approximately 
15.6x.  The foil also became activated with approximately 1.08E+03 Bq of In-116m over 
the course of the irradiation.  The expected activity from calculations and Monte Carlo 
simulation was approximately 252 Bq.  This represents a difference of approximately 
4.29x.  The summary of these irradiations can be viewed in Table 12.   
A cadmium cover was not utilized in this irradiation set.  However, even without the 
uncovered foil as a comparison, the experimental flux for both thermal neutrons can be 
estimated based upon the Monte Carlo simulations for thermal neutrons and the ratio 
obtained from the calculated and experimental epi-thermal flux.  For the Y position, the 
high energy (1.2 MeV +) neutron flux was calculated to be 6.40E+02 (n/s-cm2).  Based 
upon the measured activities, the experimental high energy neutron flux at the Y position 
was found to be 1.00E+04 (n/s-cm2).  The calculated neutron flux at the 1.456 eV 
resonance peak of In was 2.59E+01 (n/s-cm2), and the thermal neutron flux was 
calculated to be 1.72+03 (n/s-cm2).  Based upon the measured activities, the experimental 
neutron flux at the 1.456 eV resonance peak of In was determined to be 1.11E+02 (n/s-
cm2), and the thermal neutron flux was established as 7.37E+03 (n/s-cm2). 
 
Indium (In) foil; 5in position 
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element isotope position Cd cover
In 115m, 116m 5in no
isotope Contrib.
115m 1.2 MeV+
116m total
thermal
1.456 eV
isotope Contrib.
115m 1.2 MeV+
116m total
3.67E+03
4.60E+01
4.73E-02
1.08E+02
6.44E-01
4.73E+02
Calculated Flux (n/s-cm2) Experimental Flux (n/s-cm2)
Calculated Activity (Bq) Experimental Act (Bq)
4.64E+02
8.44E+02
8.34E+02
1.04E+01
6.32E+03
3.71E+03
 
 
Table 13 Comparison of the activity and flux of In foil in the 5in position 
 
Indium Calculated vs. Experimental Flux [5in]
1.00E+00
1.00E+01
1.00E+02
1.00E+03
1.00E+04
1E-08 1E-07 1E-06 1E-05 0.0001 0.001 0.01 0.1 1 10
MeV
In Ct Calculated 1.2 MeV+ In Ct Experimental 1.2 MeV+ In Ct Calculated thermal
In Ct Experimental thermal In Ct Calculated 1.456 eV In Ct Experimental 1.456 eV
 
 
Figure 4.5 Calculated and experimental thermal, epi-thermal, and relativistic neutron flux 
in the 5in position for an indium foil irradiation. 
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The fifth irradiation set sought to establish the thermal, epi-thermal, and high energy 
neutron flux at the 5in position.  The bare indium foil was irradiated for approximately 24 
hours in the 5in position. The simultaneous reaction of neutron capture in In-115 
resulting in In-116m, and a neutron scatter reaction that produces a meta-stable In-115m 
was measured.  The In foil became activated with approximately 0.644 Bq of In-115m 
activity over the course of the 24 hour irradiation period.  The expected activity from 
calculations and Monte Carlo simulation was 473 Bq.  This represents a difference of 
approximately 4.4x.  A summary of this irradiation is listed in Table 13. 
A cadmium cover was not utilized in this irradiation set.  However, even without the 
uncovered foil as a comparison, the experimental flux for both thermal neutrons can be 
estimated based upon the Monte Carlo simulations for thermal neutrons and the ratio 
obtained from the calculated and experimental epi-thermal flux.    For the 5in position, 
the high energy (1.2 MeV +) neutron flux was calculated to be 4.64E+02 (n/s-cm2).  
Based upon the measured activities, the experimental high energy neutron flux at the 5in 
position was found to be 6.32E+03 (n/s-cm2).  The calculated neutron flux at the 1.456 
eV resonance peak of In was 1.04E+01 (n/s-cm2), and the thermal neutron flux was 
calculated to be 8.34+02 (n/s-cm2).  Based upon the measured activities, the experimental 
neutron flux at the 1.456 eV resonance peak of In was determined to be 4.60E+01 (n/s-
cm2), and the thermal neutron flux was found to be 3.67E+03 (n/s-cm2). 
 General trends discovered following the data analysis indicated that the higher energy 
and epithermal neutron fluences simulated by MCNPX had a reasonable degree of 
accuracy in comparison to the data obtained by experimental measurement.  However at 
lower thermal neutron energies results varied, often by more than a factor of 10.  This 
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inaccuracy of the data obtained in MCNPX may be largely due inaccurate assumptions 
made concerning the physical environment geometry created.  This discrepancy was not 
due to the physical size of the moderating barrel or environmental factors such as air 
density which were modeled and represented accurately to their real life counter-part.  
The largest degree of uncertainty in modeling came from the material the moderator was 
constructed of.  This material was assumed to be regular paraffin.  However, if the 
moderating properties of the real life material were better than paraffin’s, it would 
accurately explain the discrepancy in the thermal neutron flux region being higher than 
the Monte Carlo simulation predicted.  Although the assumed composition of the 
Plutonium isotopes could have varied largely, the results measured by the range in 
compositions would not have varied by much.  Also, the errors would have been seen in 
the higher energy neutron spectrum, not the lower.   
 
Error 
As stated in the previous section, much of the discrepancy between calculated and 
experimental results seen above can be attributed to assumptions.  Unfortunately, because 
so many aspects of the Pu-Be source’s moderating environment were unknown, these 
assumptions were necessary.   
For instance, no information about the exact isotopic composition of the 
plutonium was available, so assumption had to be made.  The exact composition of the 
material used as a moderator inside of the barrel was unknown, this also required an 
assumption.  Energy bins for the neutrons in MCNPX/SOUCES4C cover and integrate a 
range of energy, not a singular quanta.  These potential errors tend to supplement one 
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another and depending on the energy being examined can have large impacts on the 
potential accuracy of the resulting data.  The magnitude of these errors in relation to a 
regular degree of error seen in counting statistics associated with counting the activation 
foil activity is orders of magnitude larger.   
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CHAPTER 5 
 
CONCLUSION & CONTINUATION OF RESEARCH 
Conclusion 
This research provides the basis for a more focused use of the PuBe neutron source in 
laboratory classes and research.  The fundamental information on the University’s Pu-Be 
source neutron output, decay characteristics, and neutron energies present at the source 
has now been established.  In addition, the transported neutron energy and flux has been 
calculated and verified for the contact, 8 in, 5 in, and Y position. 
The results of these experiments show that Monte Carlo N-particle extended neutron 
flux results at various energies can reliably be counted on to be within a factor of 10 to 
the actual value of the experimental neutron flux.  This factor would most likely be 
dramatically smaller if more details concerning the specifics of the neutron moderating 
barrel were available. 
General trends discovered following the data analysis indicated that the higher energy 
and epithermal neutron fluences simulated by MCNPX had a reasonable degree of 
accuracy in comparison to the data obtained by experimental measurement.  However, at 
lower thermal neutron energies results varied by a much larger amount.  This inaccuracy 
of the data obtained in MCNPX may be largely due inaccurate assumptions made 
concerning the physical environment geometry created.
 
Future Research 
 
The next step to gain additional knowledge of the plutonium source would be to gain 
more accurate information concerning the moderating properties of the material inside of 
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the moderating barrel.  Once this is accomplished, the MCNPX models would need to be 
ran again and reanalyzed to see if the data simulated by MCNPX corresponds to the data 
gained in this experiment by measurement of neutron activation foils.   
Following the investigation of new data, another experiment would be to irradiate 
indium foils with a cadmium cover in the Y and 5 in positions in order to be able to 
distinguish the distribution between thermal and epi-thermal neutron flux beyond the 
accuracy of the calculated values at those locations.   
Once this information has been obtained, then additional foils should be irradiated: 
Al, Sc, and Ti.  These corresponding reactions and characteristics for these metals are 
shown below. 
 
Metal density (g/cm3)
Rxn Thrshld m.w. % Reaction Lambda (1/s) Half-life Cross-section (cm 2 )
Al 27 100.00% 2.7
4.4 MeV+ Al27 (n,p) Mg27 0.001222482 9.5 min 4.12E-27
7.2 MeV+ Al27 (n,a) Na24 1.27849E-05 15 hours 6.93E-28
Sc 45 100.00% 2.985
thermal Sc45 (n,y) Sc46 9.43828E-08 85 days 2.65E-23
5000 eV Sc45 (n,y) Sc46 9.43828E-08 85 days 1.13E-23
Ti 46 8.25% 4.506
2.2 MeV+ 47 7.44% Ti47 (n,p) Sc47 2.33893E-06 3.43 days 2.14E-26
3.9 MeV+ 48 73.72% Ti46 (n,p) Sc46 9.43828E-08 85 days 1E-26
7.6 MeV+ 49 5.41% Ti48 (n,p) Sc48 4.37593E-06 44 hours 3.03E-28
50 5.18%  
 
Table 14 Metal foils for possible future irradiation. 
 
These foil and threshold reaction combinations will however require long irradiation 
times, up to a few months, to complete. 
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APPENDIX 1 
SOURCES4C DATA 
77% Pu-239 neutron spectrum at source 
 
77% Pu-239 Total 8.31E+05 n/sec-cm3
Bin # Energy (MeV) Contribution n/sec-cm3 Bin # Energy (MeV) Contribution n/sec-cm3
1 1.20E+01 7.74E-09 6.43E-03 25 6.00E+00 2.40E-02 2.00E+04
2 1.18E+01 9.78E-09 8.12E-03 26 5.75E+00 2.49E-02 2.07E+04
3 1.15E+01 1.23E-08 1.02E-02 27 5.50E+00 2.76E-02 2.29E+04
4 1.13E+01 5.93E-06 4.93E+00 28 5.25E+00 3.35E-02 2.78E+04
5 1.10E+01 4.27E-04 3.55E+02 29 5.00E+00 3.89E-02 3.23E+04
6 1.08E+01 1.34E-03 1.11E+03 30 4.75E+00 4.13E-02 3.43E+04
7 1.05E+01 2.57E-03 2.13E+03 31 4.50E+00 4.32E-02 3.59E+04
8 1.03E+01 3.98E-03 3.31E+03 32 4.25E+00 4.49E-02 3.73E+04
9 1.00E+01 7.08E-03 5.88E+03 33 4.00E+00 4.72E-02 3.92E+04
10 9.75E+00 1.13E-02 9.42E+03 34 3.75E+00 5.01E-02 4.16E+04
11 9.50E+00 1.47E-02 1.22E+04 35 3.50E+00 5.22E-02 4.34E+04
12 9.25E+00 1.67E-02 1.39E+04 36 3.25E+00 4.96E-02 4.12E+04
13 9.00E+00 1.75E-02 1.45E+04 37 3.00E+00 3.84E-02 3.19E+04
14 8.75E+00 1.82E-02 1.52E+04 38 2.75E+00 2.62E-02 2.18E+04
15 8.50E+00 1.94E-02 1.61E+04 39 2.50E+00 2.15E-02 1.78E+04
16 8.25E+00 2.11E-02 1.75E+04 40 2.25E+00 1.93E-02 1.60E+04
17 8.00E+00 2.30E-02 1.91E+04 41 2.00E+00 1.59E-02 1.32E+04
18 7.75E+00 2.43E-02 2.02E+04 42 1.75E+00 1.17E-02 9.70E+03
19 7.50E+00 2.49E-02 2.07E+04 43 1.50E+00 1.54E-02 1.28E+04
20 7.25E+00 2.50E-02 2.07E+04 44 1.25E+00 1.73E-02 1.44E+04
21 7.00E+00 2.50E-02 2.08E+04 45 1.00E+00 1.69E-02 1.41E+04
22 6.75E+00 2.39E-02 1.98E+04 46 7.50E-01 1.29E-02 1.07E+04
23 6.50E+00 2.12E-02 1.76E+04 47 5.00E-01 4.95E-03 4.12E+03
24 6.25E+00 2.09E-02 1.73E+04 48 2.50E-01 2.39E-04 1.98E+02
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83% Pu-239 Neutron spectrum at source 
 
83% Pu-239 Total 7.77E+05 n/sec-cm3
Bin # Energy (MeV) Contribution n/sec-cm3 Bin # Energy (MeV) Contribution n/sec-cm3
1 1.20E+01 6.27E-09 4.87E-03 25 6.00E+00 2.41E-02 1.87E+04
2 1.18E+01 7.92E-09 6.15E-03 26 5.75E+00 2.49E-02 1.94E+04
3 1.15E+01 9.96E-09 7.74E-03 27 5.50E+00 2.76E-02 2.14E+04
4 1.13E+01 6.02E-06 4.67E+00 28 5.25E+00 3.35E-02 2.60E+04
5 1.10E+01 4.33E-04 3.36E+02 29 5.00E+00 3.89E-02 3.02E+04
6 1.08E+01 1.35E-03 1.05E+03 30 4.75E+00 4.13E-02 3.21E+04
7 1.05E+01 2.58E-03 2.00E+03 31 4.50E+00 4.32E-02 3.35E+04
8 1.03E+01 3.99E-03 3.10E+03 32 4.25E+00 4.49E-02 3.49E+04
9 1.00E+01 7.09E-03 5.51E+03 33 4.00E+00 4.72E-02 3.67E+04
10 9.75E+00 1.14E-02 8.82E+03 34 3.75E+00 5.01E-02 3.89E+04
11 9.50E+00 1.48E-02 1.15E+04 35 3.50E+00 5.22E-02 4.06E+04
12 9.25E+00 1.67E-02 1.30E+04 36 3.25E+00 4.95E-02 3.84E+04
13 9.00E+00 1.75E-02 1.36E+04 37 3.00E+00 3.83E-02 2.97E+04
14 8.75E+00 1.83E-02 1.42E+04 38 2.75E+00 2.61E-02 2.03E+04
15 8.50E+00 1.94E-02 1.50E+04 39 2.50E+00 2.14E-02 1.66E+04
16 8.25E+00 2.11E-02 1.64E+04 40 2.25E+00 1.92E-02 1.49E+04
17 8.00E+00 2.30E-02 1.79E+04 41 2.00E+00 1.59E-02 1.23E+04
18 7.75E+00 2.43E-02 1.89E+04 42 1.75E+00 1.17E-02 9.06E+03
19 7.50E+00 2.49E-02 1.93E+04 43 1.50E+00 1.54E-02 1.19E+04
20 7.25E+00 2.50E-02 1.94E+04 44 1.25E+00 1.73E-02 1.34E+04
21 7.00E+00 2.50E-02 1.94E+04 45 1.00E+00 1.69E-02 1.31E+04
22 6.75E+00 2.39E-02 1.85E+04 46 7.50E-01 1.28E-02 9.95E+03
23 6.50E+00 2.12E-02 1.64E+04 47 5.00E-01 4.93E-03 3.83E+03
24 6.25E+00 2.09E-02 1.63E+04 48 2.50E-01 2.35E-04 1.82E+02
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95% Pu-239 Neutron spectrum at source 
 
 
95% Pu-239 Total 8.82E+05 n/sec-cm3
)
Bin # Energy (MeV) Contribution n/sec-cm3 Bin # Energy (MeV) Contribution n/sec-cm3
1 1.20E+01 7.85E-09 6.92E-03 25 6.00E+00 1.93E-02 1.70E+04
2 1.18E+01 9.94E-09 8.77E-03 26 5.75E+00 2.13E-02 1.88E+04
3 1.15E+01 1.26E-08 1.11E-02 27 5.50E+00 2.44E-02 2.15E+04
4 1.13E+01 6.83E-07 6.02E-01 28 5.25E+00 3.13E-02 2.76E+04
5 1.10E+01 6.08E-05 5.37E+01 29 5.00E+00 3.76E-02 3.31E+04
6 1.08E+01 6.17E-04 5.45E+02 30 4.75E+00 4.03E-02 3.55E+04
7 1.05E+01 2.03E-03 1.79E+03 31 4.50E+00 4.25E-02 3.75E+04
8 1.03E+01 3.68E-03 3.24E+03 32 4.25E+00 4.45E-02 3.93E+04
9 1.00E+01 6.17E-03 5.44E+03 33 4.00E+00 4.72E-02 4.16E+04
10 9.75E+00 9.77E-03 8.62E+03 34 3.75E+00 5.05E-02 4.46E+04
11 9.50E+00 1.37E-02 1.21E+04 35 3.50E+00 5.30E-02 4.68E+04
12 9.25E+00 1.59E-02 1.40E+04 36 3.25E+00 5.52E-02 4.87E+04
13 9.00E+00 1.68E-02 1.48E+04 37 3.00E+00 4.46E-02 3.93E+04
14 8.75E+00 1.77E-02 1.56E+04 38 2.75E+00 2.96E-02 2.61E+04
15 8.50E+00 1.90E-02 1.68E+04 39 2.50E+00 2.31E-02 2.04E+04
16 8.25E+00 2.10E-02 1.86E+04 40 2.25E+00 2.06E-02 1.81E+04
17 8.00E+00 2.32E-02 2.05E+04 41 2.00E+00 1.67E-02 1.47E+04
18 7.75E+00 2.48E-02 2.19E+04 42 1.75E+00 1.17E-02 1.04E+04
19 7.50E+00 2.54E-02 2.24E+04 43 1.50E+00 1.61E-02 1.42E+04
20 7.25E+00 2.55E-02 2.25E+04 44 1.25E+00 1.83E-02 1.61E+04
21 7.00E+00 2.55E-02 2.25E+04 45 1.00E+00 1.84E-02 1.62E+04
22 6.75E+00 2.50E-02 2.20E+04 46 7.50E-01 1.49E-02 1.32E+04
23 6.50E+00 2.15E-02 1.89E+04 47 5.00E-01 5.75E-03 5.07E+03
24 6.25E+00 1.61E-02 1.42E+04 48 2.50E-01 2.76E-04 2.43E+02
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APPENDIX 2 
MODERATING BARREL DIMENSIONS 
 
** (X,Y,Z) 0,0,0 at source in irradiation position
Container Geometry cm composition wall thickness (cm)
outer height above 47.3075 steel 88.9 0.15
outer height below 41.5925
outer drum radius 57.15
inner drum height above 30.965 parrafin
inner drum height below 41.4425 72.4075
inner drum radius 55.88
Sampling ports
1. Height above 31.115 air
1. Height below 24.765 55.88
1. Radius 1.905
1. xDC 9.2075
2. Height above 31.115 air
2. Height below 26.3525 57.4675
2. Radius 1.905
2. xDC 9.2075
3. Length 27.6225 air
3. Radius 1.905
3. xDC 1.27635
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1.1 APPENDIX 3 
ACTIVATION CALCULATION DATA
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APPENDIX 4 
MCNPX DATA 
MCNPX Neutron Spectrum at Contact 
 
SDEF Contact 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 6.87E-04 0.0126 5.71E+02
2.50E-08 5.39E-04 0.0221 4.48E+02 5.50E+00 5.85E-04 0.0139 4.86E+02
5.00E-07 1.93E-03 0.0128 1.61E+03 5.75E+00 5.22E-04 0.0153 4.34E+02
1.00E-06 7.09E-05 0.1057 5.89E+01 6.00E+00 5.14E-04 0.0151 4.27E+02
1.00E-05 2.29E-04 0.0405 1.91E+02 6.25E+00 4.28E-04 0.0159 3.55E+02
1.00E-04 2.96E-04 0.0412 2.46E+02 6.50E+00 4.31E-04 0.016 3.58E+02
1.00E-03 3.53E-04 0.0537 2.93E+02 6.75E+00 4.86E-04 0.0149 4.04E+02
1.00E-02 4.04E-04 0.0384 3.36E+02 7.00E+00 4.94E-04 0.0149 4.10E+02
1.00E-01 5.31E-04 0.0266 4.42E+02 7.25E+00 4.98E-04 0.0148 4.14E+02
2.50E-01 5.32E-04 0.0223 4.42E+02 7.50E+00 4.85E-04 0.0149 4.03E+02
5.00E-01 9.38E-04 0.0145 7.80E+02 7.75E+00 4.72E-04 0.0151 3.93E+02
7.50E-01 9.94E-04 0.0157 8.26E+02 8.00E+00 4.40E-04 0.0157 3.65E+02
1.00E+00 9.27E-04 0.014 7.70E+02 8.25E+00 4.18E-04 0.016 3.47E+02
1.25E+00 8.21E-04 0.0155 6.82E+02 8.50E+00 3.79E-04 0.0169 3.15E+02
1.50E+00 7.38E-04 0.0149 6.14E+02 8.75E+00 3.41E-04 0.0177 2.83E+02
1.75E+00 6.56E-04 0.017 5.45E+02 9.00E+00 3.42E-04 0.0177 2.85E+02
2.00E+00 7.13E-04 0.0142 5.93E+02 9.25E+00 3.19E-04 0.0184 2.65E+02
2.25E+00 7.86E-04 0.0146 6.53E+02 9.50E+00 2.86E-04 0.0226 2.37E+02
2.50E+00 8.28E-04 0.0184 6.88E+02 9.75E+00 2.18E-04 0.0222 1.81E+02
2.75E+00 9.00E-04 0.0141 7.48E+02 1.00E+01 1.32E-04 0.0285 1.10E+02
3.00E+00 9.88E-04 0.0113 8.21E+02 1.03E+01 7.99E-05 0.0366 6.64E+01
3.25E+00 1.13E-03 0.0103 9.38E+02 1.05E+01 4.54E-05 0.0486 3.77E+01
3.50E+00 1.14E-03 0.0103 9.44E+02 1.08E+01 2.85E-05 0.0615 2.37E+01
3.75E+00 1.07E-03 0.0103 8.89E+02 1.10E+01 9.48E-06 0.1072 7.87E+00
4.00E+00 1.00E-03 0.0105 8.35E+02 1.13E+01 5.55E-07 0.4321 4.61E-01
4.25E+00 9.51E-04 0.0109 7.90E+02 1.15E+01 2.99E-07 0.501 2.48E-01
4.50E+00 8.88E-04 0.0111 7.38E+02 1.18E+01 3.43E-07 0.5786 2.85E-01
4.75E+00 8.71E-04 0.0115 7.24E+02 1.20E+01 2.17E-07 0.7071 1.80E-01
5.00E+00 7.89E-04 0.0118 6.56E+02
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1.1.1  
MCNPX Neutron Spectrum at Contact with Cadmium Cover 
 
1.1.2  
1.1.3  
8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 6.87E-04 0.0128 5.71E+02
2.50E-08 3.08E-08 1 2.56E-02 5.50E+00 5.80E-04 0.0138 4.82E+02
5.00E-07 5.86E-06 0.1746 4.87E+00 5.75E+00 5.22E-04 0.0155 4.34E+02
1.00E-06 4.09E-05 0.0746 3.39E+01 6.00E+00 5.14E-04 0.0153 4.27E+02
1.00E-05 2.16E-04 0.0396 1.80E+02 6.25E+00 4.29E-04 0.0168 3.56E+02
1.00E-04 2.89E-04 0.0424 2.40E+02 6.50E+00 4.28E-04 0.0161 3.55E+02
1.00E-03 3.50E-04 0.0588 2.91E+02 6.75E+00 4.89E-04 0.0154 4.06E+02
1.00E-02 4.07E-04 0.0483 3.38E+02 7.00E+00 4.93E-04 0.0151 4.10E+02
1.00E-01 5.32E-04 0.0265 4.42E+02 7.25E+00 4.98E-04 0.015 4.13E+02
2.50E-01 5.57E-04 0.0248 4.63E+02 7.50E+00 4.83E-04 0.0151 4.01E+02
5.00E-01 9.97E-04 0.0165 8.29E+02 7.75E+00 4.71E-04 0.0152 3.91E+02
7.50E-01 1.03E-03 0.0152 8.54E+02 8.00E+00 4.36E-04 0.0157 3.62E+02
1.00E+00 9.77E-04 0.017 8.12E+02 8.25E+00 4.16E-04 0.0161 3.46E+02
1.25E+00 8.53E-04 0.0172 7.09E+02 8.50E+00 3.78E-04 0.0172 3.14E+02
1.50E+00 7.64E-04 0.0155 6.35E+02 8.75E+00 3.40E-04 0.0179 2.83E+02
1.75E+00 6.75E-04 0.0194 5.61E+02 9.00E+00 3.41E-04 0.0177 2.84E+02
2.00E+00 7.29E-04 0.0154 6.05E+02 9.25E+00 3.17E-04 0.0184 2.64E+02
2.25E+00 7.78E-04 0.0146 6.46E+02 9.50E+00 2.83E-04 0.02 2.35E+02
2.50E+00 8.50E-04 0.0212 7.06E+02 9.75E+00 2.17E-04 0.0223 1.80E+02
2.75E+00 9.01E-04 0.016 7.49E+02 1.00E+01 1.32E-04 0.0288 1.09E+02
3.00E+00 9.92E-04 0.0116 8.24E+02 1.03E+01 7.93E-05 0.0368 6.59E+01
3.25E+00 1.12E-03 0.0103 9.32E+02 1.05E+01 4.54E-05 0.0487 3.77E+01
3.50E+00 1.13E-03 0.0104 9.42E+02 1.08E+01 2.84E-05 0.0616 2.36E+01
3.75E+00 1.07E-03 0.0104 8.86E+02 1.10E+01 9.37E-06 0.1078 7.78E+00
4.00E+00 1.00E-03 0.0107 8.32E+02 1.13E+01 5.55E-07 0.4321 4.61E-01
4.25E+00 9.48E-04 0.0113 7.87E+02 1.15E+01 2.41E-07 0.5732 2.00E-01
4.50E+00 8.84E-04 0.0112 7.35E+02 1.18E+01 3.43E-07 0.5786 2.85E-01
4.75E+00 8.66E-04 0.0116 7.20E+02 1.20E+01 2.17E-07 0.7071 1.80E-01
5.00E+00 7.87E-04 0.0123 6.54E+02
SDEF Contact Cd
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1.1.4  
MCNPX Neutron Spectrum at 8 in 
 
SDEF 8in 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 4.64E-05 0.0434 3.86E+01
2.50E-08 6.06E-04 0.016 5.04E+02 5.50E+00 4.37E-05 0.0459 3.63E+01
5.00E-07 1.93E-03 0.0104 1.60E+03 5.75E+00 3.73E-05 0.0476 3.10E+01
1.00E-06 4.49E-05 0.0947 3.73E+01 6.00E+00 3.71E-05 0.0513 3.08E+01
1.00E-05 1.24E-04 0.0401 1.03E+02 6.25E+00 3.36E-05 0.0719 2.80E+01
1.00E-04 1.54E-04 0.043 1.28E+02 6.50E+00 3.03E-05 0.0568 2.52E+01
1.00E-03 1.58E-04 0.0378 1.32E+02 6.75E+00 3.34E-05 0.0496 2.78E+01
1.00E-02 1.75E-04 0.0369 1.45E+02 7.00E+00 3.25E-05 0.0506 2.70E+01
1.00E-01 2.62E-04 0.0291 2.18E+02 7.25E+00 3.95E-05 0.0518 3.28E+01
2.50E-01 1.87E-04 0.0314 1.56E+02 7.50E+00 3.27E-05 0.0494 2.72E+01
5.00E-01 2.21E-04 0.0259 1.83E+02 7.75E+00 3.37E-05 0.0761 2.80E+01
7.50E-01 1.68E-04 0.0322 1.40E+02 8.00E+00 3.04E-05 0.0513 2.53E+01
1.00E+00 1.34E-04 0.0301 1.11E+02 8.25E+00 2.78E-05 0.0533 2.31E+01
1.25E+00 1.13E-04 0.0315 9.42E+01 8.50E+00 2.69E-05 0.0541 2.24E+01
1.50E+00 9.32E-05 0.0342 7.74E+01 8.75E+00 2.21E-05 0.0597 1.83E+01
1.75E+00 9.07E-05 0.135 7.54E+01 9.00E+00 2.35E-05 0.0579 1.95E+01
2.00E+00 7.39E-05 0.0385 6.14E+01 9.25E+00 2.22E-05 0.0597 1.85E+01
2.25E+00 7.93E-05 0.0372 6.59E+01 9.50E+00 1.57E-05 0.0709 1.31E+01
2.50E+00 7.93E-05 0.04 6.59E+01 9.75E+00 1.32E-05 0.0771 1.10E+01
2.75E+00 8.13E-05 0.0489 6.76E+01 1.00E+01 8.31E-06 0.0973 6.91E+00
3.00E+00 8.00E-05 0.0367 6.65E+01 1.03E+01 5.69E-06 0.1179 4.73E+00
3.25E+00 8.53E-05 0.0341 7.09E+01 1.05E+01 2.61E-06 0.1741 2.17E+00
3.50E+00 8.63E-05 0.0318 7.17E+01 1.08E+01 1.93E-06 0.2013 1.61E+00
3.75E+00 8.50E-05 0.0345 7.06E+01 1.10E+01 8.70E-07 0.3015 7.23E-01
4.00E+00 7.71E-05 0.0331 6.41E+01 1.13E+01 1.58E-07 0.7072 1.32E-01
4.25E+00 7.10E-05 0.0352 5.90E+01 1.15E+01 0.00E+00 0 0.00E+00
4.50E+00 7.33E-05 0.0428 6.09E+01 1.18E+01 8.05E-08 1 6.69E-02
4.75E+00 6.37E-05 0.0396 5.29E+01 1.20E+01 0.00E+00 0 0.00E+00
5.00E+00 5.71E-05 0.0429 4.74E+01
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1.1.5  
MCNPX Neutron Spectrum at 8 in with Cadmium Cover 
 
SDEF 8in Cd 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 4.65E-05 0.0439 3.87E+01
2.50E-08 0.00E+00 0 0.00E+00 5.50E+00 4.33E-05 0.046 3.60E+01
5.00E-07 6.65E-06 0.1385 5.53E+00 5.75E+00 3.73E-05 0.0473 3.10E+01
1.00E-06 3.07E-05 0.0722 2.55E+01 6.00E+00 3.70E-05 0.0514 3.08E+01
1.00E-05 1.24E-04 0.039 1.03E+02 6.25E+00 3.34E-05 0.0723 2.77E+01
1.00E-04 1.49E-04 0.0396 1.24E+02 6.50E+00 3.01E-05 0.055 2.50E+01
1.00E-03 1.59E-04 0.0388 1.32E+02 6.75E+00 3.33E-05 0.0498 2.76E+01
1.00E-02 1.75E-04 0.0384 1.45E+02 7.00E+00 3.23E-05 0.0508 2.69E+01
1.00E-01 2.63E-04 0.0288 2.19E+02 7.25E+00 3.86E-05 0.0463 3.21E+01
2.50E-01 1.87E-04 0.0309 1.55E+02 7.50E+00 3.25E-05 0.05 2.70E+01
5.00E-01 2.29E-04 0.0266 1.90E+02 7.75E+00 3.34E-05 0.0766 2.78E+01
7.50E-01 1.77E-04 0.033 1.47E+02 8.00E+00 3.03E-05 0.0514 2.51E+01
1.00E+00 1.42E-04 0.0317 1.18E+02 8.25E+00 2.76E-05 0.0535 2.29E+01
1.25E+00 1.20E-04 0.0417 9.95E+01 8.50E+00 2.69E-05 0.0542 2.23E+01
1.50E+00 9.45E-05 0.0365 7.86E+01 8.75E+00 2.19E-05 0.06 1.82E+01
1.75E+00 9.28E-05 0.1323 7.71E+01 9.00E+00 2.35E-05 0.058 1.95E+01
2.00E+00 7.55E-05 0.0392 6.28E+01 9.25E+00 2.21E-05 0.0598 1.83E+01
2.25E+00 8.02E-05 0.045 6.67E+01 9.50E+00 1.66E-05 0.086 1.38E+01
2.50E+00 7.85E-05 0.0378 6.53E+01 9.75E+00 1.30E-05 0.0778 1.08E+01
2.75E+00 8.20E-05 0.0476 6.82E+01 1.00E+01 8.26E-06 0.0975 6.86E+00
3.00E+00 8.11E-05 0.0389 6.74E+01 1.03E+01 5.58E-06 0.1198 4.64E+00
3.25E+00 8.45E-05 0.0379 7.03E+01 1.05E+01 2.61E-06 0.1741 2.17E+00
3.50E+00 8.65E-05 0.0324 7.19E+01 1.08E+01 1.93E-06 0.2013 1.61E+00
3.75E+00 8.45E-05 0.0343 7.02E+01 1.10E+01 8.70E-07 0.3015 7.23E-01
4.00E+00 7.74E-05 0.0332 6.44E+01 1.13E+01 1.58E-07 0.7072 1.32E-01
4.25E+00 7.04E-05 0.0348 5.85E+01 1.15E+01 0.00E+00 0 0.00E+00
4.50E+00 7.24E-05 0.0421 6.01E+01 1.18E+01 8.05E-08 1 6.69E-02
4.75E+00 6.39E-05 0.0401 5.31E+01 1.20E+01 0.00E+00 0 0.00E+00
5.00E+00 5.58E-05 0.0392 4.63E+01
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1.1.6  
MCNPX Neutron spectrum at 5 in 
 
SDEF 5in 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 1.15E-05 0.0826 9.55E+00
2.50E-08 2.46E-04 0.0266 2.04E+02 5.50E+00 1.25E-05 0.0872 1.04E+01
5.00E-07 7.58E-04 0.0149 6.30E+02 5.75E+00 1.09E-05 0.0857 9.03E+00
1.00E-06 1.26E-05 0.1266 1.04E+01 6.00E+00 1.09E-05 0.1012 9.06E+00
1.00E-05 3.83E-05 0.074 3.18E+01 6.25E+00 6.91E-06 0.1087 5.74E+00
1.00E-04 4.19E-05 0.0721 3.49E+01 6.50E+00 8.16E-06 0.098 6.78E+00
1.00E-03 4.08E-05 0.0572 3.39E+01 6.75E+00 8.75E-06 0.0956 7.27E+00
1.00E-02 6.39E-05 0.062 5.31E+01 7.00E+00 7.78E-06 0.1034 6.46E+00
1.00E-01 7.19E-05 0.0801 5.97E+01 7.25E+00 9.16E-06 0.0956 7.61E+00
2.50E-01 5.32E-05 0.0979 4.42E+01 7.50E+00 8.21E-06 0.0987 6.83E+00
5.00E-01 5.24E-05 0.0507 4.35E+01 7.75E+00 9.37E-06 0.0921 7.79E+00
7.50E-01 4.83E-05 0.0593 4.01E+01 8.00E+00 6.81E-06 0.1073 5.66E+00
1.00E+00 4.53E-05 0.1176 3.76E+01 8.25E+00 7.63E-06 0.1016 6.34E+00
1.25E+00 3.61E-05 0.0548 3.00E+01 8.50E+00 6.16E-06 0.1132 5.12E+00
1.50E+00 3.06E-05 0.0677 2.54E+01 8.75E+00 5.59E-06 0.1193 4.64E+00
1.75E+00 2.79E-05 0.0616 2.32E+01 9.00E+00 5.88E-06 0.1155 4.89E+00
2.00E+00 2.84E-05 0.0636 2.36E+01 9.25E+00 6.09E-06 0.1144 5.06E+00
2.25E+00 2.60E-05 0.0594 2.16E+01 9.50E+00 3.46E-06 0.1508 2.88E+00
2.50E+00 2.78E-05 0.0666 2.31E+01 9.75E+00 3.70E-06 0.1459 3.08E+00
2.75E+00 2.63E-05 0.0585 2.19E+01 1.00E+01 1.58E-06 0.2236 1.31E+00
3.00E+00 2.73E-05 0.0566 2.27E+01 1.03E+01 1.03E-06 0.2774 8.52E-01
3.25E+00 2.53E-05 0.0586 2.10E+01 1.05E+01 5.47E-07 0.378 4.55E-01
3.50E+00 2.80E-05 0.0621 2.33E+01 1.08E+01 2.37E-07 0.5774 1.97E-01
3.75E+00 2.57E-05 0.0582 2.13E+01 1.10E+01 1.12E-07 0.7637 9.32E-02
4.00E+00 2.39E-05 0.0594 1.99E+01 1.13E+01 0.00E+00 0 0.00E+00
4.25E+00 1.86E-05 0.066 1.54E+01 1.15E+01 0.00E+00 0 0.00E+00
4.50E+00 1.87E-05 0.0661 1.55E+01 1.18E+01 0.00E+00 0 0.00E+00
4.75E+00 2.00E-05 0.0641 1.66E+01 1.20E+01 0.00E+00 0 0.00E+00
5.00E+00 1.51E-05 0.0736 1.25E+01
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1.1.7  
MCNPX Neutron Spectrum at 2 in 
 
SDEF 2 in 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 5.73E-06 0.1171 4.76E+00
2.50E-08 8.42E-05 0.0419 6.99E+01 5.50E+00 6.31E-06 0.1133 5.24E+00
5.00E-07 2.56E-04 0.0233 2.13E+02 5.75E+00 6.58E-06 0.1152 5.47E+00
1.00E-06 3.21E-06 0.1723 2.67E+00 6.00E+00 4.67E-06 0.1294 3.88E+00
1.00E-05 1.14E-05 0.1095 9.47E+00 6.25E+00 4.06E-06 0.1423 3.37E+00
1.00E-04 1.98E-05 0.125 1.65E+01 6.50E+00 4.80E-06 0.1314 3.99E+00
1.00E-03 1.57E-05 0.107 1.31E+01 6.75E+00 4.72E-06 0.1324 3.92E+00
1.00E-02 2.39E-05 0.1962 1.98E+01 7.00E+00 3.52E-06 0.1511 2.93E+00
1.00E-01 1.75E-05 0.0842 1.45E+01 7.25E+00 4.10E-06 0.1387 3.41E+00
2.50E-01 1.55E-05 0.111 1.29E+01 7.50E+00 4.65E-06 0.1302 3.86E+00
5.00E-01 2.14E-05 0.0865 1.78E+01 7.75E+00 4.10E-06 0.1387 3.41E+00
7.50E-01 1.81E-05 0.0793 1.51E+01 8.00E+00 3.19E-06 0.1564 2.65E+00
1.00E+00 1.32E-05 0.0841 1.10E+01 8.25E+00 3.87E-06 0.1429 3.21E+00
1.25E+00 1.48E-05 0.1184 1.23E+01 8.50E+00 3.66E-06 0.146 3.05E+00
1.50E+00 1.24E-05 0.0928 1.03E+01 8.75E+00 1.89E-06 0.2041 1.57E+00
1.75E+00 1.11E-05 0.0912 9.21E+00 9.00E+00 1.96E-06 0.2001 1.63E+00
2.00E+00 1.10E-05 0.0901 9.11E+00 9.25E+00 2.34E-06 0.1828 1.94E+00
2.25E+00 1.14E-05 0.0884 9.49E+00 9.50E+00 1.39E-06 0.2361 1.15E+00
2.50E+00 1.19E-05 0.0832 9.90E+00 9.75E+00 2.05E-06 0.1961 1.71E+00
2.75E+00 1.20E-05 0.0909 1.00E+01 1.00E+01 8.69E-07 0.3015 7.22E-01
3.00E+00 1.02E-05 0.0903 8.51E+00 1.03E+01 6.31E-07 0.3536 5.24E-01
3.25E+00 1.06E-05 0.0864 8.79E+00 1.05E+01 1.58E-07 0.7071 1.31E-01
3.50E+00 1.27E-05 0.0829 1.05E+01 1.08E+01 1.58E-07 0.7071 1.31E-01
3.75E+00 1.16E-05 0.0833 9.68E+00 1.10E+01 7.90E-08 1 6.56E-02
4.00E+00 1.29E-05 0.0828 1.08E+01 1.13E+01 0.00E+00 0 0.00E+00
4.25E+00 1.03E-05 0.0898 8.54E+00 1.15E+01 0.00E+00 0 0.00E+00
4.50E+00 9.06E-06 0.0995 7.53E+00 1.18E+01 0.00E+00 0 0.00E+00
4.75E+00 8.09E-06 0.0991 6.73E+00 1.20E+01 0.00E+00 0 0.00E+00
5.00E+00 7.21E-06 0.1053 5.99E+00
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1.1.8  
MCNPX Neutron Spectrum at Y Position 
 
SDEF Y 8.31E+05 n/(sec-cm2)
Energy Bin Contribution Error Fraction n/(sec-cm2) Energy Bin Contribution Error Fraction n/(sec-cm2)
0.00E+00 0.00E+00 0 0.00E+00 5.25E+00 1.99E-05 0.0859 1.65E+01
2.50E-08 5.05E-04 0.0211 4.20E+02 5.50E+00 1.47E-05 0.0885 1.22E+01
5.00E-07 1.56E-03 0.0113 1.30E+03 5.75E+00 1.62E-05 0.0836 1.35E+01
1.00E-06 3.12E-05 0.1437 2.59E+01 6.00E+00 1.24E-05 0.0931 1.03E+01
1.00E-05 8.83E-05 0.0575 7.34E+01 6.25E+00 1.14E-05 0.1382 9.47E+00
1.00E-04 9.32E-05 0.0598 7.75E+01 6.50E+00 1.29E-05 0.0923 1.07E+01
1.00E-03 8.68E-05 0.0587 7.22E+01 6.75E+00 1.50E-05 0.0865 1.25E+01
1.00E-02 1.04E-04 0.0569 8.62E+01 7.00E+00 1.67E-05 0.0809 1.39E+01
1.00E-01 1.19E-04 0.047 9.87E+01 7.25E+00 1.54E-05 0.0847 1.28E+01
2.50E-01 6.86E-05 0.0583 5.70E+01 7.50E+00 1.49E-05 0.084 1.24E+01
5.00E-01 8.17E-05 0.0475 6.79E+01 7.75E+00 1.28E-05 0.0905 1.06E+01
7.50E-01 6.25E-05 0.0587 5.19E+01 8.00E+00 1.27E-05 0.0911 1.06E+01
1.00E+00 5.06E-05 0.0586 4.21E+01 8.25E+00 1.14E-05 0.098 9.48E+00
1.25E+00 4.84E-05 0.0911 4.02E+01 8.50E+00 1.09E-05 0.0979 9.05E+00
1.50E+00 4.03E-05 0.0628 3.35E+01 8.75E+00 8.03E-06 0.1141 6.67E+00
1.75E+00 4.24E-05 0.0605 3.53E+01 9.00E+00 8.37E-06 0.1119 6.95E+00
2.00E+00 3.45E-05 0.0602 2.86E+01 9.25E+00 8.75E-06 0.1087 7.27E+00
2.25E+00 3.55E-05 0.0617 2.95E+01 9.50E+00 6.50E-06 0.1263 5.40E+00
2.50E+00 4.08E-05 0.0659 3.39E+01 9.75E+00 5.68E-06 0.135 4.72E+00
2.75E+00 3.49E-05 0.0694 2.90E+01 1.00E+01 4.21E-06 0.1567 3.50E+00
3.00E+00 2.89E-05 0.0649 2.40E+01 1.03E+01 2.51E-06 0.2042 2.09E+00
3.25E+00 3.21E-05 0.0617 2.66E+01 1.05E+01 1.37E-06 0.2773 1.14E+00
3.50E+00 3.24E-05 0.0662 2.69E+01 1.08E+01 9.47E-07 0.3333 7.87E-01
3.75E+00 3.22E-05 0.0685 2.68E+01 1.10E+01 0.00E+00 0 0.00E+00
4.00E+00 2.62E-05 0.0661 2.18E+01 1.13E+01 5.18E-08 1 4.30E-02
4.25E+00 2.67E-05 0.0663 2.22E+01 1.15E+01 0.00E+00 0 0.00E+00
4.50E+00 2.68E-05 0.0688 2.23E+01 1.18E+01 1.07E-07 1 8.90E-02
4.75E+00 2.30E-05 0.0701 1.91E+01 1.20E+01 0.00E+00 0 0.00E+00
5.00E+00 2.14E-05 0.075 1.78E+01
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APPENDIX 5 
MCNPX INPUT DECKS 
MCNPX Input Deck, Contact 
 
UNLV Pu-Be Source in Moderator Drum Contact 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10               imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                        imp:n=1 $ activation foil 
9  6  -2.7          -9 10                imp:n=1 $Al rod 
10 2  -0.001251   -10                     imp:n=1 $air  
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 1.93                     0 0 0.00508    0.55    $ activation foil 
9 rcc 0 0 1.94              0 0 .538  1.27 $Al rod 
10 rcc 0 0 1.95         0 0 .536 .62 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6  
MCNPX Input Deck, Contact with cadmium cover 
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UNLV Pu-Be Source in Moderator Drum Contact (Cd cover) 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10 11              imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                       imp:n=1 $ activation foil 
9  6  -2.7          -9 10                imp:n=1 $Al rod 
10 2  -0.001251   -10                     imp:n=1 $air  
11 7  -8.65       -11 8                imp:n=1 $cd 
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 1.93              0 0 0.00508    0.55    $ activation foil 
9 rcc 0 0 2.000              0 0 .538  1.27 $Al rod 
10 rcc 0 0 2.01         0 0 .536 .62 
11 rcc 0 0 1.873       0 0 .119  0.7 $.057cm Cd cover 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
M7 48106 -.0125 48108 -.0089 48110 -.1249 48111 -12.8  
     48112 -.2413 48113 0.1222 48114 -.2873 48116 -.0749 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
 
MCNPX Input Deck, 8 in 
 
UNLV Pu-Be Source in Moderator Drum 8 inches in 
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1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10               imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                        imp:n=1 $ activation foil 
9  6  -2.7          -9 10               imp:n=1 $Al rod 
10 2  -0.001251   -10                     imp:n=1 $air  
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 7.707                     0 0 0.00508    0.635    $ activation foil 
9 rcc 0 0 7.717              0 0 .538  1.27 $Al rod 
10 rcc 0 0 7.727             0 0 .536  .62 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
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MCNPX Input Deck, 8 in with cadmium cover 
 
UNLV Pu-Be Source in Moderator Drum 8 inches in (Cd cover) 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10 11              imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                       imp:n=1 $ activation foil 
9  6  -2.7          -9 10               imp:n=1 $Al rod 
10 2  -0.001251   -10                     imp:n=1 $air  
11 7  -8.65       -11 8                imp:n=1 $cd 
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 7.707                     0 0 0.00508    0.635    $ activation foil 
9 rcc 0 0 7.77              0 0 .538  1.27 $Al rod 
10 rcc 0 0 7.78             0 0 .536  .62 
11 rcc 0 0 7.65             0 0 .119  0.7 $.057cm Cd cover 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
M7 48106 -.0125 48108 -.0089 48110 -.1249 48111 -12.8  
     48112 -.2413 48113 0.1222 48114 -.2873 48116 -.0749 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
 
MCNPX Input Deck, 5 in 
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UNLV Pu-Be Source in Moderator Drum 5 inches in 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10               imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                        imp:n=1 $ activation foil 
9  6  -2.7          -9 10                imp:n=1 $Al rod 
10 2  -0.001251     -10                     imp:n=1 $air 
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 15.865                     0 0 0.00508    0.635    $ activation foil 
9 rcc 0 0 15.875              0 0 .538  1.27 $Al rod 
10 rcc 0 0 15.885             0 0 .536  .62 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
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MCNPX Input Deck, 2 in 
 
UNLV Pu-Be Source in Moderator Drum 2 inches in 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5                  imp:n=1 $ air 
4  2  -0.001251  1 -4 -5 8 9 10               imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                        imp:n=1 $ activation foil 
9  6  -2.7          -9 10                imp:n=1 $Al rod 
10 2  -0.001251     -10                  imp:n=1 $air 
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 0 0 23.485                     0 0 0.00508    0.635    $ activation foil 
9 rcc 0 0 23.495              0 0 .538  1.27 $Al rod 
10 rcc 0 0 23.505             0 0 .536  .62 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
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MCNPX Input Deck, Y position 
 
UNLV Pu-Be Source in Moderator Drum Y axis, src height, 11.7 inches in from top 
1  1  -2.918        -1                 imp:n=1 $ src 
2  2  -0.001251  -2 -5                 imp:n=1 $ air 
3  2  -0.001251  -3 -5 8 9 10          imp:n=1 $ air 
4  2  -0.001251  1 -4 -5               imp:n=1 $ air 
5  3  -0.93          1 2 3 4 -5 -6            imp:n=1 $ paraffin 
6  4  -7.85          2 3 4 5 -6                      imp:n=1 $ steel 
7  0                 6 2 3 4                imp:n=0 $ outside world 
8  5  -19.3         -8                        imp:n=1 $ activation foil 
9  6  -2.7          -9 10               imp:n=1 $Al rod 
10 2  -0.001251     -10                     imp:n=1 $air  
 
1 rcc 0 -2.707 0                0 5.415 0       1.27635 $ source 
2 rcc -9.2075 -24.765 0    0 54.88 0       1.905    $ sample port 1,height -1cm 
3 rcc 9.2075 -26.3525 0   0 56.4675 0   1.905     $ sample port 2, height -1cm 
4 rcc 0 0 -1.37635            0 0 28.89885    1.905  $ sample port 3 z-1.1cm 
5 rcc 0 -41.4425 0            0 72.4075 0    27.94    $ inner drum 
6 rcc 0 -41.5925 0            0 72.7075 0    28.575    $ outer drum  
8 rcc 9.2075 0 0             0.00508 0 0    0.635    $ activation foil 
9 rcc 9.2085 0 0             0.538 0 0     1.27 $Al rod 
10 rcc 9.2095 0 0             0.536 0 0     0.62 
 
M1 94237 1E-10   94238 5.451E-4   94239 5.486E-2   94240 1.013E-2   94241 
     4.946E-2   94242 8.787E-4   04009 9.288571E-1 $ src comp 
M2 6012 -1.24E-4   7014 -7.55267E-1   8016 -2.31781E-1 
     18040 -1.2827E-2 $ Air, - #Ìs weight fraction, +#Ìs atomic frac 
M3 1001 -1.43711e-1   06000 -8.56289e-1 $Paraffin 
M4 26056 -1  $ iron (steel) 
M5 79197 -1 
M6 13027 -1 
SDEF ERG=D1 
SI1 0 .25 .5 .75 1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
SP1 d 0 2.39E-4 4.95E-3 1.29E-2 1.69E-2 1.73E-2 1.54E-2 1.17E-2 
     1.59E-2 1.93E-2 2.15E-2 2.62E-2 3.84E-2 4.96E-2 5.22E-2 5.01E-2 
     4.72E-2 4.49E-2 4.32E-2 4.13E-2 3.89E-2 3.35E-2 2.76E-2 2.49E-2 
     2.40E-2 2.09E-2 2.12E-2 2.39E-2 2.50E-2 2.50E-2 2.49E-2 2.43E-2 
     2.30E-2 2.11E-2 1.94E-2 1.82E-2 1.75E-2 1.67E-2 1.47E-2 1.13E-2 
     7.08E-3 3.98E-3 2.57E-3 1.34E-3 4.27E-4 5.93E-6 1.23E-8 9.78E-9 7.74E-9 
f14:n 8 
e14 0 2.5e-8 5e-7 1e-6 1e-5 1e-4 1e-3 1e-2 1e-1 .25 .5 .75 1 1.25  
     1.5 1.75 2 2.25 2.5 2.75 3 3.25 3.5 3.75  
     4 4.25 4.5 4.75 5 5.25 5.5 5.75 6 6.25 6.5 6.75 7 7.25 7.5 7.75  
     8 8.25 8.5 8.75 9 9.25 9.5 9.75 10 10.25 10.5 10.75 11 11.25 11.5 11.75 12 
print 
nps 1e7 
prdmp j 1e6 j j 1e6 
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